physiol. scand. 1959. 46. 97—106. 


|) From the Department of Clinical Chemistry, University of Lund, 
Lund, Sweden. 


= 


Distribution of C“ in Rats after Intravenous 
ection of Non-Esterified Palmitic Acid-1-C". 


By 


SIGFRID LAURELL. 


Received 25 November 1958. 


Abstract. 


LAURELL, 8. Distribution of C™“ in rats after intravenous 
injection of non-esterified palmitic acid-1-C". Acta physiol. 
scand. 1959. 46. 97—106. — The metabolism of non- 
esterified fatty acids in the plasma was studied by investi- 
gating the distribution of intravenously injected non- 
esterified palmitic acid-1-C™ in rats. Lipids from different 
organs were studied for activity directly or after separation 
by means of chromatography on silicic acid columns. The 
bulk of the activity was found to be taken up by the liver 
and muscle tissue. A minor fraction was recovered in the 
fat depots. The results suggested that the fat depots might 
take up non-esterified fatty acids from plasma without 
simultaneous esterification. A fair proportion of the palmitic 
acid was retransported in the plasma glyceride fraction after 
esterification, probably in the liver. 


_ In recent years several authors have produced more or less in- 
direct evidence in support of the assumption that the major part 
of non-esterified fatty acids (NEFA?) in the plasma is derived from 


_1Present address: Central Hospital of Ostersund, Ostersund, Sweden. 
F* Now used instead of UFA in order to avoid confusion with Unsaturated 
Fatty Acids 1958). 
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fat depots. (For a recent review see DotE 1958.) Experiments 
carried out by Haven and Freprickson (1956) and personal 
investigations (LAURELL 1957) have shown that the turnover of 
NEFA in the plasma in dogs and in human beings is large enough 
to satisfy the bulk of the caloric requirements during fasting. 

The present investigation, which is a continuation of previous 
studies, is concerned with the distribution of palmitic acid-1-0" 
after intravenous injection in albumin-bound form to (a) glucose 
fed rats and (b) starving rats. 

While the experiments were in progress BRaGDON and Gorpon 
(1958) reported a similar investigation. The present paper not 
only confirms some of their results but also gives an analysis of 
the incorporation of the injected palmitic acid in different fat 
fractions as well as preliminary results of an investigation of the 
return of the palmitic acid in esterified form into the blood stream. 
A similar investigation has been carried out by Doz (1958) but 
no details of his investigation have as yet been published. 


Experimental. 


The solution containing palmitic acid was prepared as previously 
described (LAURELL 1957). Palmitic acid-1-C“ of two different specific 
activities was purchased from Amersham, England. The first batch 
had a specific activity of 2.81 mc per mM. Of this palmitic acid, 0.73 mg 
(8 uc) dissolved in 1 ml of 10 per cent human albumin was used for 
experiments no. 1, 2, 4 and 5. The second batch had a specific activity 
of 20 mc per mM. Of this palmitic acid, 0.128 mg (10 yc) dissolved in 
1 ml of rat serum was used for experiments no. 3, 6, 7 and 8. The exact 
amount of the solution injected was calculated from the weight of the 
syringe before and after the injection and from the specific weight of 
the solution. 

White male rats weighing between 150 and 210 g were used for the 
experiments. During the last 20 hours before the experiments the 
glucose fed rats were allowed to eat glucose and starch ad libitum but 
nothing else. The starving rats were deprived of food for 48 hours before 
the experiments. The animals were anesthetised with nembutal (40 mg/ 
kg) injected ip. The anesthetic administered to the glucose fed rats 
was dissolved in 10 per cent glucose, while that used for the starving 
rats was dissolved in saline (vol. injected about 2.5 ml). The palmitic 
acid solution was injected into an operatively exposed neck vein. 
Twenty minutes later the anima’: were bled via a catheter introduced 
into the aorta. The blood was collected in ice-cooled centrifuge tubes, 
containing EDTA-Na, as anti-coagulant. The liver, 2 g of muscle tissue 
from the hind legs and all the fat depots except the panniculus adiposus 
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(isolated according to REED et al. 1930) and the plasma were extracted 


_with chloroform-methanol 2 : 1 after homogenisation. The extracts were 


purified by the method of Sperry and Branp (1955) with M/30 KH,PO, 
instead of water, a procedure involving no loss of non-esterified palmitic 
acid. 

After evaporation of the extracts im vacuo the isolated fats were 
separated into phospholipids and non-phospholipid fats by means of 
chromatography on silicic acid columns according to BorestRém 
(1952 a). 

The non-phospholipid fractions were separated into NEFA and neutral 
fat by means of Amberlite IRA 400 and in some of the experiments 
also into a cholesterol-ester fraction and a glyceride fraction. After 
hydrolysis according to Scumipt-NIELSEN (1943) the neutral fat frac- 
tion and the cholesterol-ester fraction were separated into unsaponifiable 
fat and fatty acids as described by Borcastrém (1952 b). 

The skin with the panniculus adiposus, the inner organs and the 
rest of the carcass were digested for 16 hours at 100° C with 4 ml of 
40 per cent KOH per gram of tissue. After acidification to pH 1 the 
hydrolysate was extracted twice with an equal volume of petroleum 
ether. The petroleum ether extracts were afterwards washed with water 
and 0.0001 N sulphuric acid in 50 per cent ethanol. dried with Na,SO,, 
evaporated and weighed. In Table I the weights of these fats are given 
as fatty acids without correction for unsaponifiable lipid or esterified 
fatty acids. The values obtained by this procedure are about 10 per 
cent too high for the fatty acids from the panniculus adiposus and 
somewhat less so for other fractions except those from the brain. 

In experiments 7 and 8 the distribution of the activity among the 
plasma fat fractions was studied in glucose-fed rats at various intervals 
after the injection of 10 we palmitic acid. 0.1 ml of plasma was obtained 
from blood drawn from the tip of the tail. A final larger specimen was 
collected from the aorta. This specimen was used not only for isotope 
determination but also for quantitative analysis of the fat fractions. 
In these experiments NEFA and neutral fat were separated by extrac- 
tion with alkaline ethanol according to Borastrém (1952 b). The 
extractions were carried out in glass-stoppered centrifuge tubes. 


Analytical methods. 


Esterified fatty acids in the non-phospholipid fractions were deter- 
mined, dissolved in toluene, as an iron complex of hydroxamic acids 
according to Goppu, LEBLanc and Wricut (1955). NEFA was deter- 
mined titrimetrically after isolation. The phospholipids were determined 
according to ALLEN (1940) but with a final volume of only 10 ml. 

Isotope technique. — The isotope measurements were carried out 
with a thin mica window GM tube (background about 32 cpm) in the 
distribution studies, and in a windowless gas-flow GM tube (background 
about 22 cpm) in the experiments with series of blood samples from 
one rat. At least 3,000 counts were counted. All samples were plated on 
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lens paper covered aluminium planchets after addition of oleic acid 
to a final weight of 15 mg per planchet (surface 4.7 cm?). (ENTENMAN 
et al. 1949.) The reproducibility of the isotope determinations was almost 
as good as that theoretically possible. However, systematic deviations 
were noted for fat from organs digested with KOH. Thus the values 
noted for fat from the carcass and internal organs were about 10 per 
cent higher, and from the skin about 7 per cent lower than on addition 
of an equal amount of active palmitic acid to pure oleic acid or to neutral 
fat from the internal fat depots. This is most likely due to differences 
in the position of the fat in the lens paper with consequent differences 
in self-adsorption. This source of error has not been analysed sufficiently 
to justify the introduction of correction factors but it is not of such an 
order as to impair the validity of the results obtained. 


Results and Discussion. 


Broadly speaking, the distribution of C in the various organs 
studied was in accord with what Bracpon and Gorpon found 
(1958) 10 min after the injection of 1 uc palmitic acid. In their 
investigation, however, only about 1 per cent of the injected dose 
of palmitic acid was found in the depot fat in glucose fed and 
fasting rats as against an average of 12.6 per cent and 6.6 per cent 
in the present investigation. This difference may at least partly 
be explained by the approximation made by Bragpon and 
GorDoN (1958) in assuming that the specific activity (expressed 
as activity per gram. wet tissue) of all fat depots was equal to that 
determined for epididymal or perirenal fat tissue. Thus in one 
experiment I found the specific activity of perirenal fat to be 
only 45 per cent of that of pooled internal fat. Furthermore, these 
authors underestimated the amount of total fat tissue by neglect- 
ing its content of water and nonlipid substances, which in my 
experience comprise about 50 per cent of the fat tissue weight. 

The large difference in the recovery of administered isotope 
from the glucose fed rats (mean 89.4 per cent) and starving rats 
(mean 54.7 per cent) is in good agreement with the finding of 
McCatia, GatTEs and Gorpon (1957) that the oxidation of palmitic 
acid-1-C** is much faster in starving rats (about 30 per cent of the 
injected activity was recovered as expired OO, within 20 minutes) 
than in glucose fed rats (about 3 per cent expired CO, within 
20 minutes). This implies that the recovered activity in the glucose 
fed rats was still bound chiefly to the palmitic acid-1-C", while 
it is more difficult to say how the situation was in the starving 
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rats. This may be elucidated by the observation that the incorpora- 
tion of C* in the unsaponifiable fat fraction of liver fat, which 
represented mainly steroids, was higher in the fasting rats than 
in the glucose fed animals. This result is thus the reverse of what 
is obtained on administration of C"* labelled acetic acid, but appears 
to be in good accord with the modern concept of cholesterol syn- 
thesis (LyNnEN, Henninc, S6RBo and 
(1958). No significant activity was found in unsaponifiable fat 
from muscle, or in the cholesterol esters from liver or muscle, 

The present investigation provides no information on the extent 
to which the difference between the distribution pattern of palmitic 
acid in the starving rats and in the glucuse fed rats can be ascribed 
to differences in the rate of oxidation of palmitic acid in the various 
organs. However, the activity recovered from the starving animals 
was on the average about 35 per cent lower than from the glucose 
fed animals. Still larger differences were found between the 
triglycerides in the liver, lipids from the heart and from the fat 
depots. The liver and the heart oxidises fatty acids rapidly and 
as to the fat depots, it appears reasonable to assume that the 
liberation of large amounts of NEFA from the fat depots to the 
blood stream during starvation is accompanied by a decrease in 
the uptake of NEFA rather than by an increase in the oxidation 
of fatty acids. In agreement with the findings of Bragpon and 
GORDON (1958) it does, however, appear that NEFA is directed to 
organs requiring energy and that only a minor portion is transported 
directly to the fat depots. 

It is clear from Tables I and II that the small amount of NEFA 
recoverable from the liver and muscle has a specific activity 
approximately equal to that of the phospholipids of these organs, 
It is therefore possible that the occurrence of NEFA in these 
organs is ascribable to an artefact due to autolysis of phospho- 
lipids by the mechanism suggested by FarrBarrn (1945). (It 
should be mentioned that as a rule the liver was homogenised in 
chloroform-methanol within 2 min after the animals had been 
bled, the muscle tissue and internal fat depots about half an hour 
later.) Despite this long period before cessation of the enzymatic 
processes in the fat depots, the specific activity of the NEVA 
was much higher than that of the phospholipids and neutral fat 
from these depots (analysed in exp. no. 3, 5 and 6). Calculations 
were made of the approximate amount of NEFA in plasma per- 
sisting in the fat depots that might have contributed to the radio- 
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Table HI. 
Exp. no. | NEFA meq/l_ | NEFA cpm/ml ‘al ou 
0.36 730 1,620 42 
ee 0.26 1,080 2,400 61 
0.46 419 224 
0.72 652 219 51 
“Bee ge 0.70 1,040 2i4 45 


Distribution of Cin plasma lipid fractions 20 min after the injection of palmitic 
acid-1-C"* to glucose fed (exp. no. 1—3) and starving (exp. no. 4—4) rats. 


activity observed. The calculation was based on the assumption 
that the amount of blood still in the rat was equally distributed 
per gram tissue (an assumption that probably gives fictitiously 
high values for the fat depots), a persistent amount of blood cor- 
responding to 6.7 ml per 100 g minus the amount of blood collected 
and a hematocrit value of 50 and the activity of NEFA per 
ml plasma. The results obtained by this procedure showed that 
the activity of NEFA in the plasma persistent in the fat depots 
may be equivalent to at most 24 per cent of the activity of NEFA 
in the internal fat depots in exp. 3, and 2 per cent in exp. 5, and 
9 per cent in exp. 6. 

The values obtained for the specific activity of NEFA suggest 
either the occurrence of a pool of esterified fatty acids with a high 
specific activity, readily autolysed post mortem or that the fat 
depots can take up NEFA from plasma without simultaneous 
esterification. 

The distribution of the activity among the plasma lipid frac- 
tions is given in Table III. The results are given in cpm per ml 
because regular quantitative determinations were only made of 
NEFA. The most interesting finding was the high activity in the 
neutral fat in the plasma, especially in the glucose fed rats. In 


exp. no. 2 the concentration of neutral fat fatty acids in plasma +}: 


was 1.67 meq/l and the specific activity was calculated as 3,450 
cpm per mg. The only isolated fraction with a higher specific 
activity in that experiment was the neutral fat from the liver 
(5,157 cpm per mg. Table I). 

An attempt to study this phenomenon more closely was made 
in exp. 7 and 8. The activity in the plasma lipid fractions from two 
glucose fed rats was followed as a function of time after injection 
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Fig. 1. The activity in the plasma lipid fractions after 

the injection of palmitic acid-1-C“ to glucose fed Jrats. 

Exp. 7: glyceride fatty acids: 1.90 meq/l, NEFA: 0.61 
meq/l, phospholipid fatty acids 3.43 meq/l. 


of palmitic acid-1-C™, The activity in the cholesterol ester fraction 
was not significant during these experiments. It is clear from Fig. 1 
that the curves are substantially similar to those obtained by 
Harper, Neat and Hiavacexk (1953) after administration of 
labelled acetate to dogs. It therefore appears probable that the 
part of the plasma NEFA taken up by the liver is directed to 
the same pools as fatty acids newly synthetised in the liver. 

FREDRICKSON et al. (1958) have followed the disappearance of 
injected palmitic acid-1-C* in plasma in dogs for long periods. 
They found an initial rapid disappearance during the first few 
minutes and then a somewhat slower phase, and after about 
20 min a very slow rate of disappearance. It appears possible that 
the slowest phase might represent NEFA retransported from 
plasma triglycerides resynthetised in the liver in analogy with 
what was found by Have. and Freprickson (1956) for the NEFA 
chylomicron system in dogs. 
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Abstract. 


Wea, P. 8. Pulse pattern and artificial wave pattern 
in the arterial tree of the dog. Acta physiol. scand. 1959. 46. 
107—118. — Central and peripheral arterial pulse curves in 
dogs have been recorded synchronously during normal 
circulation. The peripheral increase in pulse pressure may 
attain 200 per cent. It is concluded that this increase cannot 
be due to wave reflection and interference together with a 
Bernoulli effect and a water hammer effect. The existence of 
a pulsatory activity of the peripheral muscular arteries must 
therefore be assumed. Pressure recordings from a large 
artificial arteriovenous fistula seem to indicate that periph- 
eral wave reflection does not influence the pulse pressure 
to any greater extent. Central and peripheral pressure 
curves recorded during extracorporeal circulation clearly 
demonstrate essential differences between artificial wave 
motions and the pulse pattern. It is concluded that the 
physiological pulse cannot be regarded as an ordinary wave 
motion in the arteries. 


Under physiological conditions the pulsatory pressure maximum 
in the peripheral arteries of the extremities is considerably higher 
than in the central arteries. This holds also for the pulse pressure 
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which may be 3—4 times as great in a leg artery as in the aorta, 
The peripheral increase of maximum pressure and pulse pressure 
has been described in some detail by Frank (1905) and confirmed 
by (1934 a), Laszr and MU ier (1952) and others. 

Similar findings in man have been reported in recent years by 
ScHNABEL et al. (1952) who state that the pulse pressure shows 
an increase all the way from the aortic valves down to the femoral 
artery. The mean pressure, however, is practically unchanged. 
Fuuuer ef al. (1952) found that the maximum pressure in the 
radial artery is higher and the minimum pressure is lower than 
in the aorta. The pulse pressure therefore, increases considerably, 
but the mean pressure behaves as the minimum pressure and 
decreases towards the periphery. KROEKER and Woop (1955) have 
recorded central and peripheral pressure curves in man at rest 
and during exercise, and found that the pulse pressure in the 
radial artery was 146—165 per cent of the corresponding pressure 
in the aorta. The mean pressure in the femoral artery was some- 
what lower than the corresponding pressure in the aorta and the 
subclavian artery. 

It is easy to confirm these pressure findings by recording the 
pressure simultaneously in the aorta and in a peripheral artery. 
A suitable method was used by Dawson (1906) who put a catheter 
through the femoral artery into the aorta, and recorded the 
pressure simultaneously in the two srteries. 


Material and Methods. 


The dogs used were anaesthesized with Nembutal sodium i. v. 25 mg 
per kg body-weight, in some cases with additional ether on open mask. 

The curves are written by means of a Sanborn 4-channel recorder 
model 154—100 Bp. An AC-DC preamplifier model 150—1000 was 
used for the electrocardiograms, and the blood pressure taken by 
means of Statham transducers P 23 Db in connection with Carrier 
preamplifiers model 150—1100. 

The animals were placed back down with stretched hind limbs so 
that the aorta, the femoral and the dorsalis pedis arteries lay ap- 
proximately at the same level. The saphenous artery was then exposed 
in one leg and a polyethylene catheter introduced through this artery 
into the aorta. In the contralateral leg the dorsalis pedis artery was 
exposed and another polyethylene catheter of the same dimensions 
and length introduced. Some heparine was given to avoid coagulation. 
Two of the experiments were made during extracorporeal circulation. 
In these cases the heart-lung machine of DeWall—Lillehei with Sigma 
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Fig. 1. Dog, 23 kg. Pressure relations in the aorta and the hind limb arteries. 
Curve segments from the aorta and the tibialis anterior artery were recorded 
simultaneously. Arrows indicate synchronous points of time. 


motors has been used, modified to some extent.' The heart was exposed 
and two polyethylene catheters introduced through the right atrium 
into the caval veins, leading the blood to the machine. The oxygenated 
blood from the machine was forced through another polyethylene 
catheter into the carotid artery. A “positive pressure respirator” was 
used for the artificial respiration. 


Results. 


Experiment 1: Dog, 23 kg. The polyethylene catheters were 
Portex 52 A of length 115 cm. The tip of the one catheter was 
pushed in 50 cm from the saphenous artery. The other catheter 
inserted in the dorsalis pedis artery, was advanced some cm, the 
tip lying in the tibialis anterior artery. 

The pressure maximum in the aorta was 205 mm Hg and in the 
tibialis anterior artery 325 mm Hg. The pulse pressure as will 
be seen, was about 65 mm Hg in aorta and 195 mm Hg in the 
tibialis anterior artery. In this case there was no respiratory 
arrhythmia. The catheter in aorta was now retracted 5 cm at a 
time during consecutive recording of the pressures. The curves 
from the tibialis anterior artery remained approximately un- 
changed. The more central curves, however, show that pulse 
pressure and maximum pressure increase distinctly as the catheter 
tip passes the iliac artery and the femoral artery. The minimum 
pressure, on the other hand, shows a slight decrease. 

Experiment 2: Dog, 17 kg. Polyethylene catheters P. E. 90 with 
length 70 cm were used. That inserted in the left saphenous 


1 Thanks are due to Professor Semsp and Dr. BirkeLanp for permission to do 
the pressure recordings during their experiments. 
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Fig. 2. Dog, 17 kg. ECG, central and peripheral pulse curves recorded synchro- 
nously. Definite respiratory arrhythmia, demonstrating that resonance does not 
influence the pulse pressure. 


artery was pushed inwards until the tip lay 45 cm from the arterial 
incision. The curves given in Fig. 2 show the results. The peripheral 
pressure curve has an appearance totally different from that of 
the central curve. The peripheral pulse pressure is about 230 % 
of the central one. The curves are characterized by a distinct 
respiratory arrhythmia. 

Experiment 3: Dog, 13 kg. In this case the catheter length 
was 100 cm, type P. E. 190. The catheter in the left saphenous 
artery was pushed inwards 30 cm to the abdominal aorta. As seen 
in Fig. 3, the peripheral curve shows a definite pulsus alternans 
while the central curve shows regular amplitudes. Some seconds 
later the tibialis anterior curve suddenly became regular, while the 
experimental conditions remained unchanged. The ECG and the 
central pulse did not at all change their appearance. 

Experiment 4: Dog, 18.5 kg. Extracorporeal circulation as 
described above. Catheters, P. E. 90 of 70 cm length. The catheter 
in the saphenous artery was pushed in 35 cm. 

Before opening the right atrium the peripheral pulse pressure 
was up to 2.5 times as great as the central pulse pressure. As 
soon as the extracorporeal circulation was established, the pressure 
curves totally changed appearance. During this experiment the 
circulation through the heart was not totally interrupted, as 
blood from the sinus coronarius, the small cardiac veins and the 
bronchial veins had to pass by the ordinary route. The heart was 
not stopped, and a weak pulse occurred causing spikes in the 
arterial pressure curves in spite of the extracorporeal circulation. 
One curve section is shown in Fig. 4. Two types of rhythmical 


Fig. 
puls 
chre 
in 
pre 
wa 
of 
spl 
| qué 
not 
mo 
anc 
art 
Th 
rat 
cur 
pee 
pu 
the 
| pre 
2 } tab 
4 anc 
anc 
pre 
ma 
floy 
an 
| an 


ynchro- 
oes not 


terial 
oheral 
iat of 
30 % 
stinct 


ength 
enous 
seen 
rnans 
conds 
le the 
1 the 


PULSE PATTERN AND ARTIFICIAL WAVE PATTERN. 111 


ECG 
P, 
Aorta 
Fig. 3. Dog, 13 kg. ECG with P 
pulse curves recorded syn- A ; 
chronously. Pulsus alternans r a 
ant. 


in the tibialis anterior artery, 
but not in the aorta. Pulse 
rate 196/min. 


pressure variations are seen in the curves. The relatively slow 
wave shows a frequency of 24/min corresponding to the frequency 
of the “arterial” Sigma-motor. The more frequent superposed 
spikes correspond to the heart rate, which was 132/min. The fre- 
quency of the respirator was 16/min, however, this frequency is 
not detectable in the pressure curve. It is clearly seen that the 
motor-waves have the highest amplitude in the central artery, 
and the pulse spikes have the highest amplitude in the peripheral 
artery. 

Shortly afterwards the curves given in Fig. 5 were obtained. 
The frequency of the Sigma-pump was 100/min. The heart-pulse 
rate, however, does not assert itself in the curves. Still later the 
curves in Fig. 6 were recorded. Now the pulse spikes have reap- 
peared at a rate of 124/min, while the frequency of the Sigma- 
pump is 64/min. The pulse spikes show the highest amplitude in 
the peripheral artery. 

Experiment 5: Dog, 12 kg. Extracorporeal circulation as in the 
previous experiment. However, the dog died on the operating 
table due to fibrillation of the heart and in spite of heart massage 
and use of a defibrillator. Nevertheless the operation was completed 
and extracorporeal circulation started in the dead animal. 

The pressure curves given in Fig. 7 were then recorded, showing 


_ pressure variations approximately similar to a sinus curve. Pressure 


maximum and amplitude are higher in the central artery. The 
flow caused by the Sigma-pump in this case was 1440 ml/min, 
and the pump rate 110/min. 

Experiment 6: Dog, 18 kg. When the dog was 15 months old, 
an artificial arterio-venous fistula was made on the left femoral 
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Aorta 


Art. tib. 
ant. 


Fig. 6. 


Fig. 4. Dog, 18.5 kg. Extracorporeal circulation. Synchronous pressure curves 
from the aorta and the tibialis anterior artery. Slow pump waves (24/min) and 
frequent pulse spikes (130/min). 


Fig. 5. Similar curves some time later. Pump frequency 100/min. The pulse spikes 
have vanished. 


Fig. 6. Similar curves still later. Pump waves (64/min) as well as pulse spikes 
(124/min) are visible. 


vessels! The length of the fistula was 15 mm, and it remained 
patent, the dog being in excellent condition. For the purpose of 
exact pressure recording the fistula and the right femoral artery 
were exposed surgically. A polyethylene catheter P. E. 90, of 
length 70 cm was inserted into the left femoral artery through a 
small side branch proximally to the fistula. At the same height 
on the right femoral artery a corresponding catheter was inserted 
through a similar side branch. In order to record the exact wall 
pressure (hydraulic pressure) the catheters were placed perpen- 
dicular to the arteries, thus avoiding the velocity head pressure. 
Maximum pressure and pulse pressure was about 10 mm higher 
in the right artery. Now the left femoral artery was suddenly 
occluded between the fistula and the site of the pressure recording 
(indicated by arrow in Fig. 8). The pressure level rose about 20 mm 
Hg in both arteries. The amplitude, however, remained practically 
unchanged. 


? Thanks are due to Professor Ingebrigtsen for permission to utilize this material 
from his experiments, 
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Aorta 
Fig. 7. Dog, 12 kg. Extracor- 
circulation post mor- 
the art. tib. 
Pump frequency ‘min. The 
is definitely ant. 


lower in the peripheral artery. 


Discussion. ‘ 


In healthy dogs the pulse pressure in the tibialis anterior artery 
ordinarily exceeds the pulse pressure in the aorta by 100—200 %. 
It has met with great difficulties to give a physical explanation 
of these pressure conditions. In this connection four possibilities 
exist: 1. The Bernoulli effect. 2. The water hammer effect. 3. Wave 
reflection and interference. 4. Pulsatory contraction of the arterial 
wall. 


The Bernoulli equation which reads as follows: 


deals with the relation between velocity and pressure when a 
fluid flows through a tube with varying cross sections. 

An approximate calculation based on the pressures in Fig. 1 
and a supposed blood velocity of 100 cm per sec in aorta and 10 cm 
per sec in the tibialis anterior artery shows that the highest 
possible pressure increase due to the Bernoulli effect will be 3.9 mm 
Hg. This is a quantity which would hardly be visible in the pressure 
curve. 


The application of the Bernoulli theorem on the arterial tree has 
been treated by Atoys Mtttter (1955) who states that in this case 
the left side of the equation must be enlarged by three more terms, 
one due to the frictional pressure loss, another due to pressure loss 
caused by narrowings, dilatations, branching and arching of the arteries, 
and a third term due to pressure loss because the flow occurs in spurts. 
In reality, therefore, a peripheral pressure increase due to the Bernoulli 
effect is hardly imaginable. At any rate the Bernoulli effect cannot 
explain the pressure rise in the present experiments because the velocity 
head pressure is included in the central pressure curve. 

The term water hammer has been used in rather different ways in 
medical literature. Bazetr (1924) seems to regard the water hammer 
effect as a “conversion of kinetic energy into stress’, when the streaming 
fluid meets an obstruction. ALEXANDER (1952) defines the water hammer 


8 —593285. Acta physiol. scand, Vol. 46. 
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250 

fem.art. 
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250 

200 P. Right 
1504 fem.art. 


Fig. 8. Dog, 18 kg. Arterio-venous fistula in left thigh. Pressures recorded at a 
height just centrally to the fistula. Arrow indicates interruption of flow to the 
fistula. 


phenomenon as “the pressure manifestation of a sudden deceleration 
of the blood ejected by the heart’’. Another description is given by 
Matcotm (1957) who puts the water hammer effect in relation to the 
cavitation phenomenon when fluid flows in a pipe. GrBson (1922) 
and ALtoys Mi Lier (1935) obviously describe identical phenomena, 
called respectively water hammer and “Wasserschlag”, and the fol- 
lowing considerations are based on these papers. 

A waver hammer effect is produced when fluid flows through a rigid 
tube and the flow is suddenly stopped at the end of the tube by means 
of a stop-cock. However, if we compare the conditions necessary for 
a water hammer effect with those existing in the arterial tree, we will 
find great differences. In the first place the arteries are elastic and not 
rigid tubes, a fact which will highly reduce a possible water hammer 
effect. Secondly the pressure rise in the arteries spreads toward the 
periphery, while a water hammer effect would begin peripherally and 
spread in central direction. Finally the existence of a pulsatory closing 
mechanism in the peripheral parts of the arteries or in the capillaries 
lacks foundation. It must be concluded, therefore, that the conditions 
for a water hammer effect of this type probably does not exist in the 
arterial tree. 

E. H. Weser (1851) was the first to apply the general wave theory 
on the pulse phenomenon. In his opinion the pulse pressure and the 
maximum pressure have to decrease towards the periphery, and he 
doubted the finding of any increase (SPENGLER 1843, VoLKMANN 1850, 
p- 95). 

Lanpots (1872, p. 266) stated as his opinion that the pulse contour 
depends on local arterial conditions, and that the pulse pattern in 
ore artery is not influenced by wave motions from other arteries. 
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GrasHey (1881, p. 174) reckoned with a partial reflection with un- 
changed phase in the peripheral parts of the arterial tree and re-reflec- 
tion from the aortic valves. He assumed the existence of reflection with 
reversed phase when the peripheral vessels were highly dilated. Brrn- 
sTEIN (1887) and Hoorwee (1889—1890) were unable to trace any 
reflection of artificial wave motions in the arterial system of rabbits 
and dogs. Wave reflection from the bifurcations was suggested by 
v. Frey (1892, p. 164) but the predominant reflection in his opinion 
took place in the capillaries where the blood corpuscles practically 
fill the lumen. Existence of significant peripheral wave reflection was 
also held by v. Kriss (1892, p. 67) trying to explain in this way a possible 
peripheral increase of maximum pressure. 

In order to explain the peripheral increase of pulse pressure and 
maximum pressure BRAMWELL and Hixt (1923) have suggested a 

uliar theory of “breaker” formation in the arteries, due to different 
velocities of head and tail of the pulse wave. Bazerr (1924) tried to 
explain the pressure conditions as a result of secondary pulse waves 
overtaking and interfering with the primary pulse wave. 

Frank (1926) maintains that short waves are generated during open- 
ing and closing of the aortic valves. These waves, however, were sup- 
posed to be damped and absorbed in the arteries. Only the main pulse 
wave was considered to be reflected in the smaller arterial branches 
forming the dicrotism or the arterial “Grundschwingung”’. WEzLER 
and BécEr (1936) assume reflection of the pulse wave with reversed 
phase at the height of the inguinal ligament. Hammton and Dow 
(1939) reckon with a reflection at the height of the knees, causing a 
standing wave in the arterial tree, and ALEXANDER (1952) suggests 
the existence of a standing wave caused by increased resistance and 
reflection at the height of the femoral artery. HiirTuie (1944) gives 
a series of arguments dgainst wave reflection in the arterial tree, stating 
that convincing wave motions in central direction have never been 
demonstrated. Based on mathematical-physical considerations HaRDUNG 
(1952) states that only minute reflection will take place in the arterial 
tree. 


The present material (Fig. 1) demonstrate that the pressure 
amplitude in the tibialis anterior artery is three times as great as 
in the aorta. In case of total peripheral reflection, and presupposing 
that the frictional resistance were zero, the maximal increase of 
amplitude would be a doubling. A still higher amplitude might 
be possible in the case of resonance. It appears, however, from 
Fig. 2 that this phenomenon may be ignored. Due to the respira- 
tory arrhythmia it is directly seen that the amplitudes of one 
pulse cycle is damped out before the next cycle occur. The exist- 
ence of a real standing wave, therefore, is highly questionable 
(VAN DER TWEEL 1957). 

The pressure relations shown in Fig. 3 will probably also refute 
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an explanation based on wave reflection and interference. It is 
seen that the ECG and the pressure curve from the aorta show 
regular amplitudes except for the respiratory variations. The 
pulsus alternans in the tibialis anterior artery therefore, cannot 
be a passive consequence of the central pulse. The alternans pattern 
obviously is due to the absence of the dicrotic pressure rise at 
every second pulse cycle. The phenomenon probably depends on 
local peripheral characteristics. Similar curves from the carotid 
and femoral arteries have been published by Htrruix (1934 b). 

The curves in Fig. 8 clearly demonstrate that peripheral wave 
reflection does hardly influence the femoral pulse pressure. The 
left part of the curves show the pressure conditions while the 
fistula between the femoral artery and vein was open. In this case 
wave reflection with inverse phase should be expected. After 
occlusion of the fistula, we should expect wave reflection with 
unchanged phase. The amplitudes, however, remained practically 
unchanged, only the pressure level was raised to any extent. 
Corresponding pressure relations were found by Htrraux (1944) 
during pressure recording respectively from the cut and the oc- 
cluded femoral artery. 

Occlusion of an artery will certainly often cause a moderate 
rise in the pulse pressure. At any rate, however, a 200 per cent 
increase of the amplitude towards the periphery cannot be due 
to wave reflection and interference together with a Bernoulli 
effect and a water hammer effect. Such an increase is only imagi- 
nable on the basis of a pulsatory activity of the peripheral muscular 
arteries (WEHN 1957). 

The pressure curves in Fig. 4 clearly demonstrate a reverse 
relationship between the pulse phenomenon and an artificial 
wave motion in the arteries. The pump wave shows that maximum 
pressure and amplitude are higher in the aorta, while the pulse 
spikes show the highest amplitude in the tibialis anterior artery. 

The curve sections in Fig. 5 show no definite pulse spikes. 
Only the pump waves assert themselves, demonstrating that the 
maximum pressure is highest in the aorta while the central and 
peripheral amplitudes are fairly equal. 

In Fig. 6 the pulse spikes have reappeared, the amplitudes being 
highest in the tibialis anterior artery. The amplitude of the 
pump wave in the latter artery can hardly be evaluated as some 
dicrotism seems to exist. Pressure curves recorded as soon as 
physiological circulation was re-established, again showed that 
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maximum pressure and pulse pressure were by far highest in the 
peripheral artery. The pressure recordings in Fig. 7 from the dead 
dog show pressure waves of sinus type behaving exactly as would 
be expected in passive elastic tubes. Maximum pressure and 
amplitude decrease towards the periphery. The present materiai 
clearly demonstrates that the arterial pulse pattern is characterized 
by a definite increase of the pulse pressure towards the periphery. 
Artificial wave motions in the arterial tree on the other hand, 
never show an increase of the amplitude towards the periphery. 
This also appears from curves published by Lystz= PETERSON 
(1954). It is concluded, therefore, that the arterial pulse is not 
identical with a wave motion in the arteries. 


This work has been supported by a grant from Storebrand Insurance Company 
Ltd., Oslo. 
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Abstract. 


Gorpon, G., R. KircHei, L. Strém and Y. ZorreRMAN. 
The response pattern of taste fibres in the chorda tympani 
of the monkey. Acta physiol. scand. 1959. 46. 119—132.— The 
electrical responses of taste fibres in the chorda tympani of 
Macacus rhesus were recorded during the applica- 
tion of various sapid substances to the tongue. Integrated re- 
sponses from the whole nerve indicate that this monkey 
possesses taste fibres responding both to the four conven- 
tional classes of taste substances NaCl, acid, quinine and 
sugar, and also positively to pure water. Records from few- 
fibre and single-fibre preparations showed that each fibre 
has a specific pattern of sensitivity to the various sapid 
substances. Certain gustatory fibres responded very specifi- 
cally to one class of substances only e. g. to salt, acid or to 
quinine. Fibres responding to sucrose almost always 
responded to saccharine as well, sometimes also to water, and 
occasionally to other sapid substances which do not taste 
sweet to humans, such as quinine or acid. The monkey 
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seems to be the first animal investigated possessing taste 
fibres responding to sucrose which also respond to 
saccharine. The least specific taste fibres in this animal 
seem to be those responding to water. 


In recent years the response pattern of the whole chorda tympa- 
ni nerve and also of its individual fibres has been studied in a 
number of different mammals; and these investigations have 
shown great species differences. These differences are particularly 
clear in the response to certain substances which we describe as 
tasting sweet, like sugars and saccharine. The same is true of the 
response to pure water: in many animals this is strongly positive, 
although it is negative in the rat. 

The present investigation of the rhesus monkey was undertaken 
in order to study the electrical response of the chorda tympani in 
an animal more closely related to man, although at that time we 
had no information about the direct response from human taste 
fibres. Some recent attempts to record the integrated response from 
the human chorda tympani have been successful, however, and 
have given us a rough idea about the response pattern. One definite 
finding was that water had no stimulating effect on the taste 
fibres of the human chorda tympani, but on the contrary lowered 
or abolished their spontaneots activity (DIAMANT and ZOTTERMAN 


1959). 
Methods. 


Experiments were carried out on eight monkeys (Macacus rhesus), 
anaesthetised by intraperitoneal injection of 6 per cent, “Mebumal- 
natrium” solution containing 1.8 g Pentobarbitone, 4 g Pentobarbitone 
sodium and 25 g urethane in 100 ml. The injected dose was 0.4 ml 
of this solution per kg body weight. The operation for exposing the 
chorda tympani differs little from that in the cat (see ZoTTERMAN 1936), 
although particular care must be taken to avoid penetrating into the 
mouth through the monkey’s cheek-pouch. The chorda was cut as near 
as possible to its point of entry into the bony channel, and about 5—8 
mm of the nerve was usually available for dissection and recording. 

The experimental procedure was as follows. The wound was filled 
with paraffin oil at 37° C, and the nerve lifted on to a platinum electrode 
attached to a micromanipulator and connected to one input of a dif- 
ferential RC coupled amplifier. The other input,. at earth potential, 
was attached to the tissues exposed in the wound. Responses of the 
whole nerve to the application of various substances to the tongue 
were then recorded, using an electronic integrating device which has 
been described in earlier papers. The sheath was then dissected off and 
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Fig. 1. Electrical responses from the whole chorda tym- 

i of Macacus rhesus to the application of various 

solutions to the tongue. In each tracing are recorded, 

from top to bottom: the signal showing the moment of 

application, the integrated response, and the direct spike 
response. Time in seconds. 


the nerve split. into small bundles, from which fine strands were 
separated by further dissection under a binocular microscope. Single- 
fibre or few-fibre preparations obtained in this way were tested by 
applying solutions to the tongue. 

All the fibre-preparations were tested with distilled water, Ringer’s 
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Fig. 2. Records from a strand of the chorda tympani of Macacus 

rhesus containing a number of fibres responding to the applica- 

tion of solutions to the tongue. All solutions made up in distilled 

water. A signal shows the moment of application, in this and 
in other figures. Times: 10 per sec. 


solution, and sodium chloride solution (0.5 M); and also with acetic 
acid (0.2 M), sucrose (0.4 M) and quinine hydrochloride (0.02 M), 
dissolved either in water or Ringer’s solution according to the presence 
or absence of a response to water. Many fibres were also tested with 
solutions of saccharine (0.002 M), glycerol (1.4 M), and ethylene glycol 
(1.8 M), all of which taste sweet to human beings. Fibres responding 
to salt were tested with a range of sodium chloride solutions (0.002— 
1 M). All the test solutions were kept in a water bath at about 37° C. 
The solution was applied by running it on to the tongue through a 
specially made burette incorporating a signalling device. 
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Results. 
Integrated responses. 


On recording the integrated response from the entire chorda 
tympani, a clear-cut positive response was produced by the 
application of water to the tongue (see Fig. 1) in seven out of eight 
monkeys. They all responded to salt, sucrose, saccharine and 
quinine. In all the nerve preparations tested with these substances, 
acid, glycerol and ethylene glycol also elicited a positive response. 

The effect of Ringer’s solution depended upon the prevailing salt 
concentration on the tongue. If the tongue had previously been 
rinsed with Ringer’s solution the response was quite small, as in 
Fig. 1, or insignificant: on the other hand it produced a very 
marked though transient response after a previous rinse with 
distilled water (Fig. 1). 

The effect of watery solutions of non-electrolytic substances like 
sucrose, in taste nerves which like these contain water fibres, will 
be a composite response to sucrose and water. Thus 0.4 M sucrose 
in water will give a much bigger integrated response than 0.4 M 
sucrose in Ringer’s solution. The fact that 0.4 M sucrose in water 
does not give a much bigger response than water alone could result 
from sucrose at this concentration partly inhibiting the response of 
the water fibres. But we may well have to reckon with another fac- 
tor, namely the viscosity of the sucrose solution, since an increase in 
viscosity reduces the effect produced on the taste buds by water 
(LinsEsTRAND and ZoTTERMAN 1957). A third possibility is that 
water and sucrose in some cases stimulate the same taste fibres but 
to different degrees; and this could produce a certain amount of 
occlusion of the less vigorous response. 

Even assuming that precautions have been taken to avoid any 
stimulation of thermal fibres or of the rather small number of 
tactile fibres running in the chorda tympani, the integrated 
response can, of course, still give only a rough idea of the potency 
with which a substance stimulates taste fibres. The magnitude of 
the integrated response is influenced not only by the number of 
active fibres and their impulse frequencies but also by the size 
and configuration of the individual spike potentials. So long as 
we lack detailed information about the dimensions of the different 
classes of taste fibres there is some need to be careful in assessing 
the relative responses to different stimuli and in making quanti- 
tative comparisons between different species. 
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Fig. 3. Records from the same strand of the chorda tympani as in Fig. 2, after 
reduction in its size by further dissection. Time: 10 per sec. 


Responses from individual taste fibres. 


General. Records from a fairly fine strand of the chorda tympani 
are reproduced in Fig. 2. In this preparation there was a persistent 
response of large spikes at a rather low frequency after a previous 
rinse with Ringer’s solution. The application of water to the tongue 
abolished this large-fibre response and at the same time gave rise 
to the appearance of small spikes. Small spikes were produced by all 
the different sapid solutions used, but large spikes were only 
elicited by salt in this preparation. 

After further reduction of the number of fibres in this preparation 
quite a different picture was seen (Fig. 3). Neither water, NaCl nor 
quinine now had any effect. Sucrose, glycerol and saccharine still 
produced vigorous responses. So also did acid, but in quite another 
fibre which responded to no other stimulus; and it will be seen from 
Fig. 3 that this was a single fibre producing spikes of much greater 
amplitude. We can therefore conclude from this experiment that the 
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Fig. 4. Records from a small strand of the chorda tympani of 

Macacus rhesus which contained few active fibres. Note particu- 

larly the large spikes, and also those of intermediate size which 

project both above and below the baseline. All solutions made 
up in Ringer’s solution. Time: 10 per sec. 


monkey possessed 1) fibres responding specifically to sweet-tasting 
substances, 2) fibres responding specifically to salt and 3) fibres 
responding only to acid. Such preparations, in which for some 
reason one fibre gives larger spikes than other fibres responding to 
different stimuli, are very useful in analysis. 

“Sweet fibres.” The fibre response from another very thin 
preparation will be seen in Fig. 4. In this case sucrose in Ringer 
gave rise almost exclusively to large spikes, saccharine, glycerol 
and glycol elicited both large and small spikes; while quinine gave 
only small spikes. Acid gave no response at all, while water gave.a 
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very massive response of large spikes after a previous rinse with 
Ringer’s solution. Therefore it seems that the large spikes arose in 
fibres stimulated by sweet-tasting substances and by water. The 
fact that quinine in Ringer stimulated the small-spike fibres in 
this case, and that these, although responding to saccharine, did 
not respond to sucrose, suggest that functionally they serve another 
quality than sweet. This possibility is strengthened by the fact 
that in man saccharine often elicits both a bitter and a sweet taste. 
Two other sucrose-sensitive fibres, on the other hand, gave definite 
responses to quinine. Out of seven preparations containing one 
prominent fibre responding to sucrose, two responded to water as 
well, and five responded to saccharine. We have only seen one 
fibre which responded to sucrose but not to saccharine; but that 
fibre responded far more vigorously to water than to sucrose. It 
could therefore be more properly classified as a ’water fibre” 
which also responded to a minor degree to sucrose: unfortunately 
it was not tested with glycerol or ethylene glycol. 

“Salt fibres.” Most single-fibre or few-fibre preparations re- 
sponding to salt did so with a quite high degree of specificity 
within the range of test substances used. “Salt fibres” in the cat 
respond to acid (PFAFFMANN 1941, ConENn et al. 1954); but 
altogether we have found that out of eight fibres responding to salt 
in the monkey only four responded to acid. Of these fibres re- 
sponding both to salt and acid, one also responded to ethylene 
glycol in water. 

It is of course always difficult to be quite confident that such 
preparations contain one functioning fibre only, but in a case like 
this where there is no response to acid or any other test solution, 
specificity of the fibre or fibres to salt is very obvious. The large 
spikes in Fig. 5 are from such a specific “salt fibre”. 

In three cases in which we tested with sodium acetate this was 
found to stimulate “salt fibres’, though with a rather higher 
threshold than for NaCl solutions. In one case we found a "salt 
fibre” giving a small response to quinine dissolved in distilled water, 
and in two cases there was a clear response to glycerol in water. 
One preparation, exceptional in our experience, gave strong respon- 
ses to the sweet test solutions, a slight delayed response to quinine 
and to 0.5 M NaCl, and a rather questionable response to 0.2 M 
acetic acid. 

The responses of three “salt fibres” were determined with 
varying NaCl concentrations. These experiments are shown 
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Acetic acid 
‘ 


Fig. 5. Records from a small strand of the chorda tym- 

pani of Macacus rhesus containing few active fibres. 

Note particularly the response of large spikes to NaCl, 

and that of intermediate-sized spikes (projecting prin- 

cipally above the baseline) to other substances, especi- 
ally quinine. Time: 10 per sec. 


graphically in Fig. 6. The threshold varied from less than 0.005 M 
to somewhere around 0.02 M. The maximum response seemed 
to be reached at about 1.0 M NaCl. 

“Acid fibres”. Out of seven preparations which gave positive 
responses to 0.2 M acetic acid only one was strictly specific, +. e. 
did not respond to any other test solution (see Fig. 3). In all the 
other cases the fibre responded either to quinine, salt, or water, 
and in two cases even slightly to sucrose. 
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10 


° 


Impulees in lst. second of response 


0.002 0,005 0.01 0,02 0.05 0.1 0.2 0.5 1M 


Fig. 6. Graphs showing the relation between the.frequ- 

ency of response of three different single “selt fibres” 

from the chorda tympani of Macacus rhesus and the 

concentration of NaCl. Ordinate: number of spikes fired 

in the first second of the the response. Abscissae: molar 
concentration of NaCl. 


“Quinine fibres”. We have found only one fibre which responded 
exclusively to quinine. Of the other fibres responding to quinine 
two responded to sucrose; and one of these responded also to 
saccharine, glycerol, ethylene glycol and NaCl. One fibre responded 
only to quinine and salt. Finally one fibre (illustrated in Fig. 7) 
responded strongly to quinine and to acetic acid, and not at all to 
sucrose or salt. It responded very slightly to water after a previous 
rinse with Ringer, but after a rinse with 0.5 M NaCl or 0.5 M sodium 
acetate it gave a vigorous response to water. 

Response to water. In spite of the fact that the whole of the 
nerve generally responded very strongly to the application of 
water to the tongue we have obtained rather few single-fibre 
preparations of “water fibres”. In the four cases so far studied two 
responded also to acid and one of these also to quinine (see Fig. 7). 
One responded only to water and quinine. One fibre responding 
strongly to water gave equally strong responses to the sweet test 
solutions (Fig. 4). 
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Distilled water 
Quinine 
Acetic acid 

Sucrose 


— 


0.5 M vodian 


after 0.5 M sodium 


Fig. 7. Records from a small strand of the chorda tympani of 
Macacus rhesus, containing a single active fibre which responded 
to quinine, acetic acid, ethylene glycol, and water. It did not 
respond to NaCl or sodium acetate; but a much increased re- 
sponse to water followed a rinse with either of these. The tongue 
was rinsed with water between observations except where other- 
wise stated. All solutidns made up in distilled water. Time: 10 
per sec. 


Discussion. 


The responses from the whole nerve show that the rhesus mon- 
key possesses fibres in its chorda tympani which respond to the 
application of a great variety of sapid solutions to its tongue. It 
appears to have at least as big a range as any mammal so far 
investigated by these methods. It is clear that this monkey responds 

9 —593285. Acta physiol. scand. Vol. 46. 
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to all four conventional classes of taste substances, and in addition 
responds positively to water. This is particularly interesting in 
that similar experiments with the chorda tympani of man have 
shown water to give a negative response, 7. e. water merely a- 
bolished the spontaneous activity of the nerve (D1aMANT and 
ZOTTERMAN 1959). Therefore it seems that man, in contrast to 
other mammals such as the cat, the dog, the pig and the rhesus 
monkey, has no fibres capable of mediating a “water taste” 
and in this respect resembles the rat, which also responds negatively 
to water (ZOTTERMAN 1956). These comparative taste studies 
make it no easier to understand what physiological purpose the 
sensitivity of taste fibres to water might serve. 

The present study of few-fibre and single-fibre preparations from 
the chorda tympani of the rhesus monkey has shown that nerve 
fibres responding to water seem to be rather less specific than were 
the corresponding fibres studied in the cat by Conzn, Hagiwara 
and ZOTTERMAN (1954). The possibility still remains that the 
rhesus monkey has water fibres more specific than have so far 
been observed among the relatively small number of fibres in- 
vestigated. By contrast, one of us has recently obtained single-fibre 
preparations from the cat which responded to water and acid, but 
not to quinine or to any other test solutions used (ZoTTERMAN 
1958). 

The “salt fibres’ of the monkey, on the other hand, seem to be 
more specific than those studied in the cat, in that half of them did 
not respond to acetic acid at the concentration used (cf. PraFFMANN 
1941, CoHEN et al. 1955). That in two cases glycerol was found to 
stimulate “salt fibres” is the less surpring, when both glycerol and 
ethylene glycol stimulate taste fibres in chickens and pigeons, 
in which sucrose has no effect (KitcHELL et al, 1959). Sodium 
acetate stimulated the “salt fibres’ whether or not they were 
sensitive to acid, but the threshold appeared to be rather higher 
than for NaCl. 

It is particularly notable that saccharine had a strong positive 
effect on almost every preparation containing “sweet fibres” — 
that is, fibres responding strongly to sucrose. It seems that the 
monkey is the first animal investigated by electrophysiological 
methods in which this has been demonstrated. It is known that 
saccharine solutions can stimulate other types of taste fibre in 
several types of animal: the response to saccharine in the dog, for 
instance, can only be attributed to the stimulation of “bitter 


fibre: 
| pigec 
: | all tc 
| 

| sodi 
| respe 
in th 

asin 
saccl 

| The 
some 
| chari 

that 
| subje 

| true 
key’s 

be ti 
evide 
swee 
taste 
salt. 
extré 
saccl 
mon 
whic 
wate 
othe 
Tl 
of cc 
taste 

able 

arbi 
justi 
perf 
cove 
neve 

easi 
of se 


TASTE FIBRES IN THE MONKEY. 131 


fibres’ responding to quinine (ANDERSSON ef al. 1950). In some 
pigeons, but not in all, Krrcneut ¢ al. (1959) found a positive 
response to saccharine although the nerve did not respond at 
all to sucrose or quinine. BEIDLER (1953) found that “salt fibres” 
in the rat could respond to saccharine, and suggested that the 
sodium salt of saccharine behaved like other sodium salts in this 
respect. Kusano and Sato (1957) found responses to saccharine 
in the glossopharyngeal nerve of Rana nigromaculata which had 
asimilar discharge pattern to that produced by NaCl solutions; and 
saccharine, like NaCl, depressed the activity of “water receptors’. 
The integrated response of the whole chorda tympani shows that 
some human taste fibres respond very strongly to 0.002 M sac- 
charine (DIAMANT and ZOTTERMAN 1959). We know for certain 
that saccharine stimulates ‘‘sweet fibres” in the monkey and taking 
subjective evidence into account this is extremely likely to be 
true in man. Glycerol and ethylene glycol also stimulate the mon- 
key’s “‘sweet fibres” but these substances can elicit rather smaller 
responses from other tyy.2s of receptor as well, and this may also 
be true of saccharine. This is all consistent with the subjective 
evidence that sucrose, saccharine, glycerol and glycol all have a 
sweet taste in man but that only the di- and monosaccharides 
taste purely sweet; just as NaCl is the only salt which tastes purely 
salt. All the other sweet-tasting substances have in addition some 
extraneous quality of taste, such as bitterness in the case of 
saccharine. Just as in the cat (CoHEN et. al. 1954), fibres exist in the 
monkey which respond only to quinine and to other substances 
which taste bitter to man. In addition to these specific “quinine 
fibres” we have found fibres responding both to quinine and to 
water and acid, and also fibres responding to quinine, sucrose and 
other sweet-tasting substances. 

The question of classifying the different types of taste fibre is, 
of course, an extremely difficult one. A primary classification of 
taste fibres from animals into groups corresponding to the recogniz- 
able human qualities of salt, sweet, sour and bitter, although 
arbitrary, has certain obvious advantages, and has been partly 
justified by previous experiments on animals. That it is not a 
perfect classification has already been demonstrated by the dis- 
covery of an additional “water taste” in many animals. It has 
nevertheless been used here; and certain very specific fibres are 
easily classified within this scheme. Fibres with complicated pattern 
of sensitivity to different groups of stimuli have, as far as possible, 
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been fitted into this classification and any obvious overlapping 
has been pointed out where it was observed. Our investigation has 
probably been too limited to reveal the full range of fibres with 
these more complicated patterns; and we feel, therefore, that a 
more extensive objective classification should await a more 
detailed investigation. We have the impression that in this 
respect the situation is more complicated in the monkey than in, 
for instance, the cat. 

Without knowing anything of the taste sensations which 
monkeys actually experience, we can say, that this animal has a 
range of chemical sensitivity in its tongue which seems to agree 
with what one would expect from an animal phylogenetically so 
close to man. Even so, a great deal of caution is necessary. The 
work of PraFFMANN and BEIDLER, as well as all previous investiga- 
tions made in our laboratory, have given abundant evidence that 
there are numerous species differences in the peripheral nervous 
mechanism of taste, and in the present case the monkey’s positive 
response to water points to one striking difference between monkey 


and man. 
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Abstract. 


Kircnett, R.L., L. Strém and Y. ZorrerMan. — 
Electrophysiological studies of thermal and taste reception 
in chickens and ‘pigeons. Acta physiol. scand. 1959. 46. 
133—151. — The impulse traffic in thermal and taste nerve 
fibres from the tongue of chickens and pigeons were analyzed 
while applying adequate stimuli to the tongue. Receptors 
were found in the tongue and pharynx which respond, in 
general, like those found in mammals. The thermal and taste 
receptors discharge through two peripheral branches of the 
9th nerve only. In the chicken positive responses from 
the nerves followed the application of distilled water, 
salt, glycerine, ethylene glycol, quinine and acetic acid to 
the tongue but not of sucrose and saccharine. The taste 
responses in the pigeon’s nerves were similar with the ex- 
ception that no responses were observed to quinine and 
that 50 per cent of the pigeons responded positively to 
saccharine although sucrose was ineffective. In both species 
large number of “cold fibres” were observed while warming 
the tongue gave no response until the temperature was 
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raised to above 45° C. This indicated the absence of “warm 
fibres” and suggested that the activity observed was due to 
stimulation of “pain fibres”. These direct studies of taste 
nerve activity were compared with recent behavioural 
studies in chickens and pigeons. 


Taste in birds has been a widely discussed problem. Many 
investigators have maintained that birds have no taste or that 
taste in these animals should be rudimentary. Taste buds have, 
however, been described in various birds by BorEzat (1904, 1906) 
by Batu (1906) and by Moore and Ex.iort (1946) among others, 
Also a number of behavioural studies have been conducted which 
indicate that birds prefer certain substances while they reject 
others (ENGELMANN 1934, 1937 a and b, 1940, Jacoss and Scorr 
1957, Kare etal. 1957). In contrast to numerous reports on 
neurophysiological studies on taste in other animals (e. g. ZoTTER- 
MAN 1936, 1956, PrarFMANN 1955, BEIDLER et al. 1955) no reports 
have appeared describing such studies in birds. The purpose of 
this report is to present the results of such a study which indicate 
that birds, in the innervation of the posterior part of the tongue 
and the pharynx, possess afferent fibres, which respond specifically 
to the application of sapid substances to their endings. 


Materials and Methods. 


A total of 18 chickens and 15 pig2ons were used in this study. The 
chickens were adult hens of the White Leghorn breed. The pigeons 
were wild native birds, undoubtedly of mixed breeding. 

In the initial stages of the study a number of anaesthetics were 
tried with considerable mortality occurring, apparently due to respira- 
tory failure. Numal (Roche) administered via a cannulated wing vein, 
was used in the majority of the pigeons and in a few of the chickens. 
Finally, the most successful anaesthetic was found to be urethane 
administered intravenously as a 43 per cent solution (1.5 g per kg) 
as described by Kine and Biees (1957). Artificial respiration was 
given via tracheal cannula throughout the experiment. During recording, 
d-tubocurarine (0.75 mg/kg in the pigeon and 3 mg/kg in the chicken) 
was administered intravenously to abolish the swallowing reflex. 

The surgical procedure consisted of making a skin incision parallel 
to the ventral border of the right ramus of the mandible. After doubly 
ligating and incising the branches of the external maxillary blood 
vessels, the muscles were transected to expose the nerves to the right 
side of the tongue. The exposed nerves were dissected free and cut near 
their origin from the parent nerve. The right ramus of the mandible 
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was transected near the right angle of the mouth and the distal portion 
was pulled laterally to expose the tongue more fully. The mandible was 
anchored firmly to a cork by means of pins. A suture was placed through 
the left side of the tongue and was used to pull the tongue forward. 
A special burette was then fixed in position with its tip approximately 
5 mm above the tongue and so that the solutions would flow over the 
portions of the tongue predetermined to be sensitive to touch. A 
switch was attached to the stopcock of the burette which signalled on 
the record when the solution was released from the burette. Five ml 
quantities of test solution were used for each trial and the burette and 
the tongue were flushed with Ringer’s solution between each application 
unless otherwise indicated. In order to avoid any stimulation of thermal 
receptors, the sapid solutions were kept in a water bath at an average 
temperature of 39° C. 

The further preparation of the nerves and the splitting up into fine 
strands was performed according to the method previously described 
by ZoTTERMAN (1936). The action potentials were lead off through 
Ringer-soaked, cotton electrodes, amplified by a differential amplifier 
of the Ténnies type and recorded on moving paper by means of a 


cathode ray oscillograph. 
The thermode used was similar in design to that described previously 


by HenseEt et al. (1951). 


Results. 


Innervation of the tongue. In birds it is difficult to demarcate 
the posterior border of the tongue from the floor of the pharynx. 
We have adopted the terminology of Moorz and Ex.iort (1946) 
who considered that the tongue fold separated the anterior portion 
from the posterior portion, centrally, and the tongue wings 
laterally. In keeping with the observations of OwENn (1866) and 
Kaurr (1918) we could find no branches from the trigeminal 
herve going to the tongue. We were unable to record any responses 
in that nerve following the application of cold, touch or various 
“taste” solutions to the tongue. The nerves to the tongue were 
found to arise from the glossopharyngeal nerve. Kaupp (1918) 
described two branches of the glossopharyngeal nerve going to 
the tongue. He referred to the more anterior of these as the 
recurrent lingualis nerve which he stated supplied the tongue 
and the pharynx. The more posterior nerve he called the recurrent 
pharyngeus nerve and described it as innervating the base of the 
tongue, the pharynx and the esophagus. Our correlated anatom- 
ical and neurophysiological findings do not agree with his 
anatomical description. We have found two distinct nerves, 
arising independently from the glossopharyngeal nerve which go 
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Fig. 1. Records from the lingual nerve of the chicken showing the responses to 

sudden cooling and rewarming the tongue. In each are recorded, from top to bot- 

tom: the temperature of the tongue, the integrated response, and the direct spike 
response. Time marks, | cps. 


A: 39—36° C B: 48—35° C. 


to the tongue instead of the single recurrent lingualis nerve de- 
scribed by him. We did not find any branches from the recurrent 
pharyngeus nerve, more appropriately called pharyngo-esophageal 
nerve, going to the tongue. 

The anterior nerve to the tongue, referred hereafter as the lingual 
nerve, arises from the glossopharyngeal nerve and runs ventrally, 
just anterior to the lingual artery. It soon separates from the 
artery to run above the lingual bone and enter the tongue. It 
gives off a few small branches to the lateral wall of the pharynx 
but mainly goes to the anterior portion of the tongue, part of 
the wings and parts of the posterior portion of the tongue. The 
lingual nerve of the pigeon is much smaller than that of the chicken. 

The posterior nerve, referred hereafter as the laryngo-lingual 
nerve, arises from the glossopharyngeal nerve distal to the origin 
of the lingual nerve. It runs ventrally, just posterior to the lingual 
artery giving a few branches to the lateral wall of the pharynx. 
It is coiled in its proximal portions, especially in the chicken. 
The laryngo-lingual nerve runs lateral to the larynx, giving 
branches to its internal and external surfaces, then terminates 
in the posterior portion and wings of the tongue. Both the lingual 
and laryngo-lingual nerves supplied the posterior portion and 
wings of the tongue. 

Temperature, chicken: In experiments conducted at room tem- 
perature (20° C) both the lingual and the laryngo-lingual nerves 
showed a constant high level of spontaneous activity. This ac- 
tivity was so great that it masked the effects of the application 
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of test solution (at 39°C) to the tongue. Warming the tongue 
to a constant temperature of 38—40° C by means of a thermode 
greatly reduced, but did not entirely eliminate, the spontaneous 
activity (Fig. 1 A). A sudden cooling of the tongue as little as 
3° C resulted in an abrupt increase in the activity in these nerves. 
This initial response lasted for about 2 sec, following which the 
electrical activity gradually declined to a level slightly higher than 
the precooling level. Rewarming to the tongue to its original level 
resulted in a reduction of the electrical activity to the precooling 
level. The responsiveness of these fibres to small drops in tem- 
perature indicates that there are specific “cold” receptors in the 
tongue of chickens (see HENSEL and ZoTTERMAN 1950). 

A larger temperature drop, even from a higher initial tempera- 
ture, resulted in a greater discharge (Fig. 1 B). The electrical 
activity did not decline as rapidly as when smaller temperature 
drops were applied. Rapid rewarming of the tongue did not 
result in a rapid return of the electrical activity to its precooling 
level. Instead, it continued at a high level for 3—4 sec after 
rewarming before it returned to the original level. The preseiice of 
a high level of electrical activity after rewarming the tongue 
suggested that the rewarming stimulated either “warm fibres” 
or “pain fibres”. This phenomenon was not observed to occur 
if the final temperature was kept below 44° C (Fig. 1 A) indicating 
the absence of warm fibre activity (Dopt and ZoTTERMAN 1952 a). 

The effect of temperature on the tongue receptors was examined 
more closely using thin strands of the lingual nerve where only 
a few fibres were active (Fig. 2, 3 and 4). Maintaining the tem- 
perature of the tongue at 44° C resulted in a steady state frequency 
in a single “cold fibre” of 2—4 imp/sec (Fig. 3). A temperature 
drop of 9° C (Fig. 2 A and 3) stimulated an initial response of 
29 imp/sec which gradually declined for about 10 sec to a new 
steady state frequency of 8—10 imp/sec which it will maintain 
for several minutes. Rewarming the tongue will result in a cessa- 
tion of activity in the “cold fibre’’ for several seconds and cause 
the appearance of spikes of lower height (Fig. 2 B). These smaller 
spikes, which apparently are produced by fibres other than the 
“cold fibres”, appear only when the temperature of the tongue 
is raised above 44° C, which indicates that they should be classified 
as “pain fibres” (cf ZoTTERMAN 1936). In experiments where 
the tongue was repeatedly warmed and cooled, it was seen that 
the first application of heat produces a greater initial response 
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than do subsequent applications in that series (Fig. 4). A brief 
“off” response of the smaller “pain fibres” can also be seen 
(Fig. 2 A and 4). 

The mode of action of the “cold fibres” seems quite similar 
to those described for the cat by HensEL and ZoTTERMAN (1952 a) 
except that the “cold fibres” in the chicken continue to be active 
at higher constant tongue temperatures than do those in the cat. 
No response of the specific “cold fibres’’ in the chicken was observed 
at higher temperatures (48—54° C), “paradoxical cold”, as was 
observed in the cat by Dopt and ZoTTERMAN (1952 b). 

Temperature, pigeon: Very little spontaneous activity was pres- 
ent in. the lingual nerve of the pigeon. Stepwise cooling the tongue 
3—5° did not result in the appearance of a response in this 
nerve. However, larger temperature drops elicited the appearance 
of large spikes (Fig. 5 A). These spikes were of the same amplitude 
~ and form as those appearing in this nerve following the applica- 
tion of pressure to the anterior portion of the tongue. The form 
of these spikes, and the parameters of stimulation needed to elicit 
them, indicate that they are derived from mechanoceptive fibres 
stimulated by cooling as described by HENsEL and ZOTTERMAN 
(1951). 

The laryngo-lingual nerve exhibited more spontaneous activity 
than did the lingual nerve. Stepwise cooling the tongue resulted 
in the appearance of responses in this nerve (Fig. 5 B—C). No 
response was obtained to changes from 42° to 38°C (Fig. 5 D) 
and only brief phasic responses were stimulated by changes from 
36 to 32°C (Fig. 5C). These responses indicate that the “cold 
fibres” in the pigeon are inactive at tongue temperatures which, 
in the chicken, would result in a steady discharge of “cold” 
impulses. A positive response was elicited by warming the tongue 
above 45°C indicating the presence of “pain fibres” (Fig. 5 E). 
No “warm fibres” were found in these nerves. 

Taste, pigeon: The lingual nerve gave more pronounced re- 
sponses to the application of sapid solutions to the tongue than 
did the laryngo-lingual nerve. This may presumably be due to 
the absence of “cold fibres” in the lingual nerve with the resultant 
improvement in the signal-to-noise ratio. 

In each trial the tongue was washed with Ringer’s solution 
before the test solution was applied. The results of the application 
of sodium chloride solutions of different strengths, from 0.5 M 
| to distilled water, is shown in Fig. 6. It can be seen that 0.5 M 
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Fig. 5. Temperature responses in the pigeon. The recording technique is the same 
as in Fig. 1. Time marks, 1 cps. 


NaC! elicits a distinct response. When the concentration of NaCl 
was lowered to 0.1 M no response was obtained. Further reducing 
the concentration results in the reappearance of a response. This 
response, however, has a longer latency and duration than the 
response produced by 0.5 M NaCl. The response to salt solutions 
having concentrations of 0.05 M or less is similar in latency, 
magnitude and duration to that produced by distilled water. 
Similar responses were obtained using choline chloride and sodium 
acetate. The rinsing of the tongue with distilled water, instead 
of Ringer’s solution, enhances the response to salty solutions, 
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Fig. 6. Records from the pigeon’s lingual nerve during application of NaCl solu- 

tions of different concentrations to the tongue. In each are recorded, from top 

to bottom: the signal from the dispensing burette (downward deflection indicates 

release of the solution), the integrated response and the direct spike response. 
Time marks, 10 cps. 


thus even Ringer’s solution elicited a slight phasic response under 
these circumstances. These findings indicate that pigeons have 
receptors located on the tongue which are sensitive to salt con- 
eentrations of 0.2 M and above, and to distilled water. These 
responses were examined more closely using thin strands of the 
lingual nerve (Fig. 8 A and B). In Fig. 8 A it can be seen that 
the application of 0.5 M NaCl to the tongue results in the appear- 
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C'0.06% Saccharine 
im dist. water 


Ethylene 
glycol in Ringer's sol. 


0. 2M Acetic acid 
in Ringer's sol, 


Fig. 7. Records from the pigeon’s lingual nerve during application of different 
solution to the tongue. The recording technique is the same as in Fig. 6. Time 
marks, 10 cps. 


ance of small spikes in the fibres of the lingual nerve. The ap- 
plication of distilled water elicits spikes of much larger amplitude 
(Fig. 8 B). These observations indicate that the fibres carrying 
impulses from the tongue in response to salt solutions (“salt 
fibres”) are different from those carrying impulses in response 
to distilled water (“water fibres’). These findings are in agree- 
ment with those of ZoTTERMAN (1949), ANDERSSON and ZOTTER- 
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Fig. 8. Action potentials from a small strand of the pigeon’s lingual nerve in 
response to the application of one drop of the following solutions to the tongue. 
Time marks, 1 cps. 


A: 0.5 M NaCl B: Distilled water 
C: 15.% Glycerine in Ringer’s sol. _D: 15 % Glycerine in distilled water 
E: 0.02 M Quinine in Ringer’s sol. F: 0.2 M Acetic acid in Ringer’s sol. 


MAN (1950), LingestRAND and ZoTTERMAN (1954), CoHEN et al. 
(1955) and ZorTreRMAN (1956). The presence of “water fibres” 
made it imperative to administer all other substances in Ringer’s 
solution to which the “salt’’ receptors can be more or less com- 
pletely adapted by a Ringer’s solution wash prior. to testing 
(ZoTTERMAN 1956). 

The results of testing sweet and acid solutions are illustrated 
in Fig. 7. In about 50 per cent of the pigeons a response was present 
to the application of 0.06 per cent saccharine in Ringer’s solu- 
tion (Fig. 7 B). In these birds, 0.06 per cent saccharine in distilled 
water produced a response which was different from saccharine 
in Ringer’s solution or from distilled water alone (Fig. 6 D). In 
birds which showed no response to saccharine in Ringer’s solution. 
the application of saccharine in distilled water resulted in a re- 
sponse which could not be distinguished from distilled water alone. 
Fifteen per cent sucrose in Ringer’s solution seldom elicited a 
response. When it did, the response was always small and ques- 
tionable (Fig. 7 D). In contrast, 15 per cent sucrose in distilled 
water always produced a response which was indistinguishable 
from that produced by distilled water alone. Fifteen per cent 
ethylene glycol or 15 per cent glycerine (both of which taste 
sweet to humans) in Ringer’s solution, gave responses, starting 
after a relative long latency of about 1.6 sec after the application 
(Fig. 7 E). The response gradually increased in intensity to reach 
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&@ maximum after 90 sec. The responses lasted for over 2 min 
and were difficult to stop, even with repeated rinsing of the 
tongue with Ringer’s solution. Acetic acid (0.2 M in Ringer's 
solution) always produced a strong, long-lasting response (Fig. 
7 F). The application of acid solutions depressed the response to 
other solutions for more than an hour. No response was obtained 
at any time to 0.02 M quinine hydrochloride in Ringer’s solv- 
tior. 

The responses of sweet, quinine and acid solutions was further 
studied using thin strands of the lingual nerve (Fig. 8 C—F), 
Glycerine in Ringer’s solution initiated activity in fibres having 
similar spike heights as “salt fibres’. Our results do not show 
whether they are the same fibres or not. Glycerine in distilled water 
resulted in the appearance of spike potentials of two different 
heights, one presumably due to the glycerine and the other pre- 
sumably due to the activity of “water fibres”. Quinine and 
sucrose did not initiate a response in these preparations. Acetic 
acid stimulated spike potentials slightly higher than glycerine 
or salt, but less in height than distilled water. 

Taste, chicken: To avoid that the stimulation of cold receptors 
should mask the response of “taste fibres’, it was necessary to 
keep the tongue warm using a heat lamp and to have the tem- 
perature of the solutions between 38—40°C. Care had to be 
taken to remove as much of the sheath around the nerve as 
possible in order to increase the signal-to-noise ratio 80 
that the small “taste fibre” spikes would appear above the noise 
level. 

Both the lingual and laryngo-lingual nerves gave similar respon- 
ses. When Ringer’s solution was applied to the tongue it was difficult 
to avoid a small, phasic discharge, presumably due to the stimula- 
tion of touch fibres. By careful placement of the tip of the burette 
this could be eliminated almost completely (Fig. 9 A and 10 A). 
Distilled water elicited a sustained response for several seconds 
(Fig. 9 B). Using fine strands of the nerve it was observed that 
the spikes were considerably smaller than those produced by touch 
(Fig. 10 B). The application of 0.5 M NaCl solutions produced 
only moderate responses in some birds (Fig. 9C) and gradually 
increasing, sustained responses in others. The effect of 15 per cent 
sucrose in Ringer was often questionable, the response usually 
being somewhat larger than the small phasic response produced 
by Ringer alone (Fig. 9 A and D). Similarly, 0.06 per cent sac- 
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MOR 


B Distilled w 


F 15% Ethylene glycol 
in Ringer's sol. 


G 15% Glycerine 
' 
_ in Ringer's sol. 


Fig. 9. Records from the chicken’s lingual nerve d zing application of different 

solutions to the tongue. In each are recorded, fro: top to bottom: the signal 

from the dispensing burette (upward deflection indicates release of the solution), 
the integrated response and the direct spike response. Time marks, 1 cps. 


charine in Ringer produced a slightly larger effect than Ringer 

alone (Fig. 9 E). Neither of these substances produced effects 

comparable to saccharine in the pigeon (Fig. 6 B) or sucrose in 
10 —593285. Acta physiol. scand. Vol. 46. 
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1 A 

B B 


Fig. 10. Action potentials from a small strand of the lingual nerve of the chicken, 
An upward deflection of the upper tracing indicates release of the solution from 
the dispensing burette. A!, B', C' touch to the tongue 2 sec. before A, B, C. 


A: Ringer’s sol. 

B: Distilled water. 

C: 15 % Ethylene glycol in Ringer’s sol. 
Time marks, 1 cps. 


certain mammals (ZoTTERMAN 1956). Glycerine and ethylene 
glycol, 15 per cent in Ringer both elicited prolonged effects (Fig. 
9 F ana G, Fig. 10 C). A response to 0.02 M quinine hydrochloride 
in Ringer was also observed (Fig. 9 H). Acetic acid (0.2 M) in 
Ringer always gave a pronounced and sustained response. 


Discussion. 


The results of this study indicate that birds have “taste” 
receptors in the tongue and pharynx which respond, in general, 
like those found in mammals. Impulses from these receptors reach 
the brain by running in peripheral branches of the glossopharyngeal 
nerve. No evidence of central conduction from the tongue through 
peripheral branches of the trigeminal or facial nerves was found. 

A summary of the results, based on the presence or absence 
of a response, may be seen in Table I. Also shown in this table 
is a summary of the results of behavioural studies reported by 
other workers. In comparing the results of the two different kinds 
of studies, it must be clearly understood what each kind of study 
reveals. Our electrophysiological study yields information re- 
garding the peripheral sensory input going from the tongue to 
the brain. For example, it can determine the presence or absence 
of a response to the application of a substance to the tongue. 
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Table I. 


Comparison of taste and behavioural response 
in chickens and pigeons. 


Chicken Pigeon 

+  -- 

TR TR 
Sucrose ......... 

BR Pp, 2, 3 BR Al 
Glycerine ....... IR xe TR + 

BR R} BR Rt 

TR + TR +. 
Ethyl lycol .. 

BR 0 

Saccharine ...... TR TR 

BR BR R 
Quinine ........ TR TR 

BR R',* BRA? 
Acetic acid...... TR = TR + 

BR Ri BR Ri 


TR — electrical response from nerves; 
BR — behavioural response according to ') ENGEL- 
MANN; 1934 *) Karz et al., 1957 *) Jacoss and 


Scort, 1957; 
R — reject; 
A — do not discriminate against; 
P — prefer; 


0 — not determined. 


It can also yield information about the relative sensitivity of 
the receptors located on the tongue in terms of the latency, size, 
and duration of the recorded response. Electrophysiological 
studies do not reveal what the central nervous system will do 
with the information supplied to it from its receptors. Behavioural 
studies, on the other hand, do reveal what the central nervous 
system does in respect to the total sensory input under conditions 
of the study but will not reveal much information about the 
nature of the sensory input. Behavioural studies will show whether 
an animal will prefer, reject or not discriminate for or against a 
substance, but usually will not demonstrate whether that substance 
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actually stimulates chemoreceptors on the tongue (taste in its 
more specific sense), or touch or cold receptors on the tongue, 
or similar receptors, located elsewhere in the mouth or on pre- 
hensile organs. Behavioural studies also have difficulty in sep- 
arating the input from olfactory receptors from that of taste 
receptors and eliminating the effect of prior experiences on the 
behavioural responses observed. 

To use the word “taste” at all in relation to the response of 
an animal must be done anthropomorphically, 7. e. projecting 
human sensations into the “minds” of animals. Also the ascribing 
of such terms as “sweet’’, “salt’’, “bitter” and “acid’”’ tastes to 
animals involves similar reasoning. It is, however, burdensome 
to add after each statement relative to taste in animals, “as 
perceived by man”. For the purposes of this discussion we will 
use the terms “taste response” to refer to changes in the input 
from the chemoreceptors in the tongue and pharynx following 
the application of a substance which tastes “salt’’, “sweet’’, “bitter” 
or “acid” to human beings. Also, since distilled water has been 
shown to elicit a specific response in the frog (ZoTTERMAN 1949) 
and other species of animals (ZoTTERMAN 1956) reference will 
be made to a specific “water” taste response. 

In Table I it can be seen that the chicken has distinct taste 
responses to salt, bitter, acid and water. The response of the chicken 
to sweet is of a questionable nature. No definite responses to 
sucrose or saccharine were obtained in any of the experiments. 
On the other hand ethylene glycol and glycerine, both of which 
taste sweet to humans, gave pronounced responses. Other studies 
have shown considerable species differences in the responses 
obtained to saccharine. BEIDLER (1953) states that it acts like a salt 
in the rat. ZoTTERMAN (1956) reported no response to saccharine 
in the rat, rabbit, pig and cat. The last animal also failed to give 
a response to sugar. Further studies, particularly using single 
fibre preparations, will be needed to clarify the response of the 
chicken to sweet tasting substances. 

The pigeon has distinct taste responses to water, salt and acid, 
no response to bitter, and a questionable response to sweet. Again, 
like the chicken, responses were obtained to ethylene glycol and 
glycerine. Unlike the chicken, 50 per cent of the pigeons showed 
positive responses to saccharine. 

In general, a good correlation can be seen between the presence, 
or absence, of a taste response and the behaviour of the bird 
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in relation to a particular substance (Table I). In two instances 
there appears to be a difference in the results. Chickens seem to 
prefer sucrose solutions over water (ENGELMANN 1934, Karz e¢ al. 
1957, Jacoss and Scotr 1957) whereas no response to sucrose 
was observed in our studies. The degree of preference observed 
in the behavioural studies was small in all instances. JacoBs and 
Scort (1957) suggested that the preference could be due to a differ- 
ence in viscosity rather than due to a taste response. The results of 
behavioural studies indicate that chickens prefer water over 
saccharine. In our study no taste response to saccharine in Ringer’s 
solution was observed. Saccharine in distilled water produced a 
response indistinguishable from distilled water alone. Our obser- 
vations do not suggest the possible sources of the afferent inflow 
which enables chickens to discriminate against saccharine, other 
than to state that it probably does not originate from any taste 
receptors in the tongue. 

It would be agreed that it is difficult to use the integrated 
responses as a means of quantitative comparison of the different 
taste responses in various species. Such a method has a number 
of limitations. In the present investigation it was found that 
water in the pigeon elicits considerable greater response than 
salt (Fig. 6). To conclude that there were more water receptors 
than salt receptors on the tongue, or that the difference in response 
was due to the water receptors responding more strongly than 
the salt receptors, would disregard the observation that the in- 
dividual spike potentials elicited by water appear to be much 
larger than those produced by salt (Fig. 8). This difference in 
spike height could account for most, if not all, of the difference 
in the magnitude of the integrated responses following the ap- 
plication of these two substances, as most integrators express 
not only the number of impulses in a nerve per unit time but 
also reflect the time integral of the individual spike potentials 
being recorded. This property of the integrator is of considerable 
importance as the magnitude of the integrated response is in- 
fluenced not only by the number of active fibres and their im- 
pulse frequency but also by the size and the configuration of the 
individual spike potential. 

In the frog the fibres of the glossopharyngeal nerve which 
respond specifically to water and to salt respectively are fairly 
large myelinated fibres (A B) while those responding to bitter 
are obviously much smaller (Ad) fibres (ZorTERMAN 1949, ANn- 


Pe 
n its 
ngue, 

pre- 

sep- 
taste 

the 
se of 

ting 

bing 
28 to 
ome 

“as 

will 

put 

ving 
ter” 
been 
949) 

will 
aste 

ken 
s to 
nts. 
hich 
dies 
nses 
salt 
rine 
vive 

gle 
the 
cid, 
ain, 
and 
ved 

ce, 

ird 


150 &. L. KITCHELL, LENNART STROM AND YNGVE ZOTTERMAN, 


DERSSON and ZOTTERMAN 1950). Any attempt to compare the 
relative magnitude of response in birds to that found in other 
animals would seem to be futile because of the great differences 
in the nerve supply to the tongue and in the size of the receptive 
field being stimulated. 

The presence of large numbers of cold receptors in the tongue 
of birds raises a question as to the influence of cold on their 
preference for certain foods. This is particularly ‘interesting in 
the chicken where the receptors are still active at constant tem- 
peratures significantly higher than those observed in the pigeon 
and mammals. The absence of warm fibres suggests that the 
sensory inflow which assists birds in determining the relative 
warmth of a food may function on the basis of a diminution of 
cold receptor activity. It is also possible that warm receptors 
may be present elsewhere in the head region. 
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BeE.ion, B. and L. Reszvorti. Studies on the incorpo- tim 
ration of *§ labelled cystine into the leucocytes of tumour ac 
bearing rats. Acta physiol. scand. 1959. 46. 152—158. — e 
In order to study the influence of the development of a ” 
tumour on the leucopoiesis and on the life cycle of leuco- anc 
cytes, the incorporation of intraperitoneally administered Ku 
%5§ labelled cystine into the leucocytes of rats injected with is 
Yoshida ascites sarcoma was investigated. The separation by 
of leucocytes and the preparation of the samples were per- I 
formed according to the method of WEISBERGER and 
Levine. Sulfur is incorporated in leucocyte proteins of rats of 
injected with ascites tumour at a rate three times as high Yor 
as in that of normal rats. The loss of *S atoms from the leu 
leucocytes of tumour animals is more rapid, which suggests apy 
a shortening of the life span of W.B.C. due to the presence bl 
of the tumour. The striking similarity of these results with m8 
that obtained by Enrenstern in the case of erythrocytes cys 
is emphasized. The possibility that the results obtained are has 
due to the presence of tumour cells in the peripheral blood Tepi 
is discussed and ruled out. obt: 
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Blood dyscrasias are often observed in the course of malignant 
neoplasms, even when an invasion of the hemopoietic tissue by 
the tumour can surely be ruled out. Only in the last years in- 
formation was obtained, mostly making use of isotopic techniques, 
on the mechanism of anemia in cancer. The life span of the 
erythrocytes has been shown to be shortened in patients suffering 
from various kinds of malignancies (reviewed by Hevesy 1958) 
at least to a large extent produced by extrinsic factors (BROWN 
1950, DeGowrn, SHeets and Hamitton 1950, Hyman 1954, 
Suezets et al. 1954, Hyman, GELLHORN and Harvey 1956, MILLER 
et al. 1956, DatSanto 1957). The shortening of the life span of 
the erythrocytes is not seldom followed by a formation of red 
corpuscles at an increased rate. A shortening of the life span 
of the erythrocytes thus does not necessarily lead to anemia. 
This is conspicuously shown by tumour bearing mice. EHRENSTEIN 
(1957) found that though the life span of the erythrocytes of 
such mice was shortened to half of that of controls, their hemo- 
globin content did not differ. The hyperplasia of the erythropoietic 
organs in these animals was also exhibited by the several times 
larger incorporation of “C into the hemin of erythrocytes of 
such: mice. 

The influence of the tumours on the circulating leucocytes and 
on the leucopoiesis is obscure. The leucocyte count gives very 
irregular values in the course of a neoplasm: leucocytosis is some- 
times found in rapidly growing tumours (WINTROBE 1956 p. 233); 
a certain relationship can be observed between leucocyte count 
and site of onset of the neoplasm: for example primary stomach 
and lung tumours often induce leukemoid reaction (FanEy 1954, 
KuGELMEIER 1935, Meyer and Rotter 1942). No information 
is at present available on the mechanism of the action exerted 
by the tumour on leucocytes. 

In order to elucidate this problem we studied the incorporation 
of *§ labelled cystine into the leucocytes of rats inoculated with 
Yoshida sarcoma cells. Cystine is largely incorporated into the 
leucocyte proteins. WEISBERGER and LeviINE (1954) observed the 
appearance of radioactivity in the leucocytes of the peripheral 
blood as early as 10 min after oral administration of radioactive 
cystine. The stability of the sulfur atoms of the leucocyte proteins 
has not been investigated. However, the specific activity curves 
reported by WEISBERGER and LEVINE are quite similar to those 
obtained by Kune and Currrron (1952) by making use of *P 
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as a tracer in leucocyte DNA studies. As DNA P is known to 
have a high stability in the circulating leucocytes (OTTEsEy 
1954), the leucocyte protein sulfur must be admitted to have a 
similar stability. The rapid appearance of radioactivity in the 
leucocytes soon after oral administration of the tracer is possibly 
due to an additional formation of proteins taking place in the 
leucocytes after they entered the circulation. A similar phenomenon 
has been observed by one of the authors (REsEGoTTI 1957), when 
studying the incorporation of **Fe into the leucocyte hemins. 


Methods. 


The experiments have been carried out on 60 male white rats, 
weighing 100 to 120 g. The animals were fed on a standard diet through- 
out the experimental time. 

The graft of the tumour was performed by injecting i.p. 0.5 ml of 
ascites fluid secured under sterile condition from animals inoculated 
with Yoshida’s sarcoma. *8 labelled cystine having a specific activity 
of 9 mC/mM was used as a tracer. Each animal received i.p. a single 
dosis of 1 wC, 24 hours after inoculation of the ascites. 

At different time intervals from the injection of the *§ labelled 
cystine, the animals were sacrificed by decapitation and the blood 
was collected in silicone coated tubes with sequestrene as anticoagulant. 
The separation of leucocytes was obtained by sedimentation of the 
red corpuscles with dextran. The leucocyte fraction thus obtained is 
largely contaminated by erythrocytes. These were hemolyzed with 
0.16 per cent saponine. The leucocytes were then washed twice with 
saline. At the end of this procedure a pure suspension of leucocytes, 
consisting almost completely of lymphocytes was obtained. 

The radioactivity of the samples was measured according to the 
method of WEISBERGER and Levine, making use of an end window 
Geiger-Miiller tube, having a 2 mg/cm? thick mica window. 

From the data obtained the specific activity (counts/min/mg of 
leucocytes (dry weight)) was calculated. 


Results. 


Total and differential counts of leucocytes of normal and 
sarcoma bearing rats are reported in Table I. 

The presence of the tumour hardly changed the number of 
both granulocytes and lymphocytes in the peripheral blood. 

The rate of incorporation of radioactive sulfur into the leucocyte 
with time is shown in Fig. 1. 

The specific activity gradually increases until the third day, 
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Table I. 


Total and differential leucocyte counts of normal and tumour rats 
(mean values). 


Days after the Total W. B. C.| Granulocytes | Lymphocytes | Tumour 
graft of the cells 
tumour 
Re 10,600 1,160 9,220 no 
14,800 1,180 13,300 no 
7,500 1,200 6,150 no 
9,300 840 8, no 
siete 15,000 2,100 12,500 no 
panes 12,900 1,800 10,900 5-9 
14,300 700 13,300 0.8 % 
Controls ........ 13,300 1,330 11,500 _— 


*— 4 animals. 
** — 2 animals. 
— | animal. 


both in normal and in cancerous animals; in the latter, however, 
reaching a value three times as high as in the former. The activity 
then decreases rapidly i in the tumour bearing animals and at a 
minor rate oniy in the normal ones. Thus at the eighth day, such 
difference in the specific activity of the leucocytes of the two 
groups of rats is not longer present and the percentage of *S 
atoms begins to be higher i in the leucocytes of sarcoma bearing 
animals. 

The animals injected with ascites tumour can hardly survive 
more than 14 days. It was therefore impossible to investigate 
the change in the radioactivity of the leucocytes of cancerous 
animals after that date. In the controls the loss of the *S atoms 
by the leucocyte proteins takes place after the lapse of 14 days 
at a very low rate, as shown by Fig. 1. 

The specific activity of the tumour cells was determined in 
12 rats, sacrificed 2, 3 and 5 days after the injection of *°S labelled 
cystine. No ascites was found in the peritoneum of the animals 
killed one day after the administration of the tracer (2 days 
after the graft of the tumour). In the animals sacrificed after the 
8th day the ascites was largely mixed with blood, which might 


bias the results. In the second day the specific activity of the 


sarcoma cells (26 counts/min/mg) was higher than that of the 
circulating leucocytes; but in the third it was already decreased 
(16 counts/min/mg) in the fifth being only 5 counts/min/mg. 


| 
a 
& 


156 BARTOLOMEO BELLION AND LUIGI RESEGOTTI. 


CONTROL 


SARCOMA 


‘ DAYS 


Fig. 1. Rate of incorporation of *S cystine into the proteins 

of leucocytes of control and tumour bearing rats. The ordinate 

is the specific activity of leucocyte protein sulfur. The abscissa 
is time in days after injection of the tracer. 


Discussion. 


The method of WEISBERGER and LEVINE has been chosen for 
the present investigation despite the fact that it does not permit 
to calculate the life span of leucocytes because it is the most 
suitable for detecting changes induced by the presence of the 
tumour in the life cycle of the leucocytes, which is the main 
interest of our investigation. 

The differences in the specific activity curves (Fig. 1) obtained 
for normal and tumour bearing rats can be explained by an 
increased rate of both formation and decay of leucocytes in the 
latter. Our results resemble conspicuously those obtained by 
EHRENSTEIN. The latter found in tumour bearing mice an en- 
hanced rate of incorporation of “C into the hemin of erythrocytes 
due to hyperplasia of the erythropoietic organs and followed by 
a rapid “C loss due to the shortened life span of the erythrocytes. 
No difference was found in the number of erythrocytes present 
in the circulation of tumour bearing and control mice by EHREN- 
steIn. Nor did we find a marked difference in the number of 
leucocytes. 

It has been reported by et al. (1951), Payne, KELty 
and Ware (1952) and by McInpoxz and Davipson (1952) that 
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the presence of a tumour induces an increase of the turnover rate 
of the DNA even in tissue not directly affected by the tumour. 
The formation of leucocytes requires among others the formation 
of DNA. That in the tumour bearing animals DNA formation is 
accelerated in leucocyte forming organs as well, was shown by 
the above mentioned authors. The shortening of the life span of 
the leucocytes in the presence of a tumour may be due to the 
same lytic factors which attack erythrocytes and the factors 
responsible for the compensatory increase in the rate of formation 
of red corpuscles in the tumour bearing organism may be respon- 
sible for the increased rate of formation of leucocytes as well. 
The higher specific activity of the leucocytes of the sarcoma 
bearing rats could also be due to the presence in the blood of 
tumour cells containing a relative high number of *S atoms. 
The possibility to find cancer cells in the peripheral blood has 
been extensively investigated by ENGELL (1955). Moorz, Sanp- 
BERD and Scuusare (1957) found tumour cells in the blood of 
93 patients in a group of 179, having various kinds of cancer. 


.However, their presence can be usually detected only by special 


techniques as their number is extremely low. More frequent is 
the finding of tumour cells in the blood of rats bearing Yoshida 
ascites sarcoma, possibly because of the reticuloendothelial nature 
of the cells of this tumour. According to Yosurpa (1949) they 
can amount to 2.5 per cent of the total number of the blood 
leucocytes. In the present experiments no tumour cell was found 
in the blood of almost al) the tumour bearing rats. Only in two 
animals less than 1 per cent of cells which could be considered 
as tumour cells were observed. As the difference of specific activity 
between sarcoma cells and leucocytes is rather small, the excep- 
tional presence of very few sarcoma cells in the blood can hardly 
play a significant role in determining the differences of specific 
activity observed between normal and tumour bearing rats. 

An alternative hypothesis must be mentioned as well. In the 
man (OrrEsEN 1954) and in the rabbit (ResEcort1 1957) the 
leucocyte population has been shown to consist of two groups 
having a different life span. If this is also the case in the rat it 
would be conceivable that in the tumour bearing organism the 
abundance ratio of the short and the long living leucocytes is 
shifted in favour of the first mentioned one, resulting in an in- 
creased specific activity of the leucocytes. 
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Abstract. 


Larsson, 8. Inactivation of insulin in livers from mice 
with goldthioglucose obesity. Acta physiol. scand. 1959. 
46. 159—164. — The insulin inactivating capacity of livers 
of mice with goldthioglucose obesity has been determined 
using the method described by Mirsky and 
(1949). It was found that insulin was destroyed more readily 
in livers of obese animals compared to normal. It is suggested 
that these findings can be related to the higher incidence of 
diabetes mellitus in obesity. 


Diabetes mellitus occurs more frequently among people who are 
over-weight as compared to those whose weights are normal or sub- 
normal (Marks 1957). A direct relation between obesity and diabetes 
mellitus in dogs has also been found (Kroox, Larsson and 
Rooney 1959). 

Larsson (1957) studying obesity caused by a single injection of 
goldthioglucose found a certain incidence of diabetes mellitus in 
animals, obese for long periods of time. When rat diaphragms are 
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incubated with insulin in a glucose medium there are wide varia- 
tions in the sensitivity of the diaphragm to the hormone (see 
WILLEBRANDS and GROEN 1954). The present investigation was 
performed in view of these findings and the series of experiments 
by Mirsky (1957) which suggested increased insulinase activity in 
some types of diabetes mellitus. 


Material and Methods. 


Male albino mice of the ASw strain were used. The animals were 
housed in individual cages at a temperature of 24° C. All mice were 
fed ad libitum (mouse crackers, Lindberg, Alvsjé). Once a day the food 
and water intake and the weights of the animals were measured. 

Ten obese and 15 control mice were used for the insulin study. For 
the water and fat determinations of the liver 6 obese and 15 control 
animals were used. The obese animals all weighed more than 43.0 g, 
and the controls not more than 30.5 g. The age of the mice used in the 
experiments was more than 15 months, the over-weight mice being 
obese for at least 7 months. 

Obesity was produced by a single injection of goldthioglucose 
{Solganal B-oleosum, Schering). The amount injected to produce 
obesity was 1 mg per g body weight. This dose was established by 
BrecHer and WAXLER (1949). The goldthioglucose was injected intra- 
peritoneally in the mice after 36 hours fasting. 

None of the animals used had any “clinical” signs of diabetes mellitus. 
The insulin inactivating capacity of the liver and in some cases of the 
omental fat was, with some modifications, determined according to 
the method described by Mirsky and Brou-Kann (1949 a). After a 
regular food intake the animals were killed by decapitation. The livers 
were immediately removed, weighed and a part taken for histological 
examination. One gram of the liver was homogenised with 3 g of ice- 
cold distilled, sterilised water and filtered. After filtration 1 ml of ho- 
mogenate and 1 ml of an insulin (Vitrum) solution (8 I. U. per ml 
of sterile saline) were incubated at 35° C for 1 hour. Differences in pH 
of the homogenates were not taken into consideration. If possible, 
duplicates were always taken. After incubation, the medium was 
filtered and injected 1. v. into female virgin rabbits which had been 
fasted for 24 hours. Blood samples for analyses of reducing substances 
were taken 30 min before the injection, immediately before the injection 
and then 30 and 60 min after the injection. The blood was analysed 
for reducing substances according to the Nelson-Somogyi method 
{Somoeyt 1952). 

Of the other 6 obese and 15 control mice, the water and fat content 
of the liver were determined as described by Fintayson, Kroox and 
Larsson (1959). Thus, the liver was dried to determine the water con- 
tent; afterwards the fat content was determined by extraction with 
petroleum-ether in a Soxhlet apparatus. 
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Table I. 


Ranges for body and liver weight, water and fat contents 
of the liver in normal and obese mice. 


Normal Obese 
Body weight .. 24.5 —30.5 (30) 43.1 —84.5 (16) 
Liver weight . . 1.00— 1.93 (30) 1.87— 3.14 (16) 
Liver water ... 67.5 —74.8 (15) 58.3 —69.9 (6) 
Liver fat ...... 7.8 —12.9 (15) 10.9 —27.8 (6) 


The weights are expressed in grams; water and fat contents in 
per cent (the fat content on dry weight basis). The number of 
animals are given in parentheses. 


Results. 


Table I shows the body weights, the water and fat contents 
of the animals used in this study. Because the differences between 
the normal and fat animals are so large, no statistical analysis 
but only the limit values are given. 

Fig. 1 gives the insulin inactivating capacities of the control 
and obese mice, expressed as pooled percentages in relation to the 
pre-injection blood sugar values according to Mirsky and Brou- 
Kaun (1949 a). 

As can be seen there is a marked difference in the inactivating 
capacities of normal and obese mice. As almost no inactivation of 
insulin was observed in the omental fat; these values are not 
given in the figure. 

Histological examination revealed that there was a significantly 
higher incidence of fatty infiltration of the livers of obese animals 
compared to the livers of the controls. However, in the ‘‘obese’’ 
livers only moderate pathological fatty infiltration of the degenera- 
tive type was encountered. 


Discussion. 


The results show that livers from mice with goldthioglucose 
obesity have an increased insulin inactivating capacity compared 
with untreated animals of normal weight. Because the increased 
fat content of the livers of obese animals could be responsible for 
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100; 


Pooled percentage 


Control Obese 


Fig. 1. The insulin inactivating capacities 

of normal and “obese” livers expressed as 

pooled percentages according to Mirsky 

and Brou-Kaun (1949 a). The vertical 
lines express the ranges. 


this effect, the inactivating capacity of the omental fat was studied. 
It was found that this fat tissue possessed hardly any inactivating 
ability at all. The fact remains that the livers of the obese animals 
have a higher fat content, which was also verified by the histologi- 
cal examination of the liver. The fatty infiltration of the liver of 
these obese animals was only moderate and no grave pathological 
lesions of the liver were observed. In a series of experiments 
Mirsky et al. (see Mirsky 1957) have studied the nature of the 
insulin inactivating mechanisms and found evidence that diabetes 
mellitus in many cases might be caused or exaggerated by an 
increased insulin destroying capacity of the body, particularly of 
the liver. In the present study where no diabetes mellitus was found 
in the animals under investigation, the increased insulin inactiva- 
tion of the livers of obese animals was similar to that found by 
Mirsky in diabetes mellitus. Mirsky (1957) has discussed the effect 
of pH of the homogenate on the insulin inactivating properties. 
In this study, however, pH variations were not taken into con- 
sideration, because it was thought that adjusting the pH to a 
set level would change the true environment of the particular 
liver sample tested. By and large no great differences existed from 
sample to sample. 
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It is known that when rat diaphragms are incubated with 
insulin in a glucose medium there are wide variations in the 
sensitivity of the diaphragm to the hormone (see WILLEBRANDS 
and GRoEN 1954). Of the different factors that can influence the 
response of insulin in such types of studies the following have 
been mentioned: the mineral composition of the incubation 
medium; the glucose concentration of the medium; fasting; the 
age of the animals used and other factors of a more technical 
character. The present experiments, however, show that even the 
nutritional condition of the animals is important for the inactiva- 
tion and thus for the potency of insulin. Mirsky and Brou- 
Kaun (1949b) and Mirsky, Perisuttr and Dreneorr (1957) 
found a marked reduction of the insulin-inactivating system after 
fasting. In the present study the mice were killed immediately 
after a regular food intake. As demonstrated by Larsson and 
Srrém (1957) obese mice have a different feeding pattern from 
those of normal weight. Thus, it was shown that mice with 
goldthioglucose obesity eat less frequently but considerably larger 
quantities every time when compared to the controls. This change 
in feeding pattern was suggested as a cause of the splanchnomegaly, 
demonstrated by DRAcHMAN and TEPPERMAN (1954). The accom- 
modation to a higher food intake causing increased size and hyper- 
trophy of the abdominal organs also affects the pancreas. It was 
shown in this study that the larger liver size together with in- 
creased insulin inactivating capacity of this organ are also present 
in the obesity. It has been pointed out in a review by HAAGENSEN 
(1958) that many obese patients have abnormal, ’’prediabetic”’ 
glucose tolerance curves. In this connection it is of interest to 
note that many of these patients also have an increased amount 
of circulating insulin. 

The previous findings concerning an increased insulin inacti- 
vating capacity in the liver of obese mice suggests an imbalance 
of the production versus inactivation of insulin. This view is also 
supported by the higher incidence of diabetes mellitus in human 
obesity (MarxKs 1957), as well as in canine obesity (KRook et al. 
1958), and in goldthioglucose obesity (Larsson 1957). 
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Abstract. 


Granit, R. and 8. Homma. The discharge to maintained 
stretch of spindles in slow and fast muscles of rabbit. 
Acta physiol. scand. 1959. 46. 165—173. — Systematic 
measurements of the maintained discharge to stretch 
at time 4—5 sec from onset have been carried out with 
69 muscle spindles in ankle extensors and flexors of 
anaesthetized rabbits. Three main types of spindles can be 
separated on the basis of rate of discharge, slow, medium and 
fast spindles. The number of fast spindles is greater in fast 
muscle. Slow and medium spindles only are found in slow 
muscle. 


It was noted by Granit, SkoGLUND and THESLEFF (1953) when 
testing muscle spindles with succinylcholine that spindles in 
tibialis anterior tended to put up higher average discharge rates 
than those in gastrocnemius or soleus (cat). Recently, when one 
of us (GRANIT 1958) studied the response of soleus spindles to 
maintained stretch in the decerebrate cat, frequency of discharge 
was plotted against extension of the muscle in mm at time 4—5 
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sec after onset of pull. There were considerable variations but 
the average rate of increase for 20 soleus spindles was as low as 
3.5 impulses/mm, though the frequencies at zero extension, 
owing to gamma bias, averaged as much as 26 imp/sec. A limited 
number (7) of gastrocnemius spindles had been tested in the course 
of the same experiments. Their slopes averaged out at 6.5 imp/mm. 
These observations led to the surmise that spindles in slow and 
fast muscles might differ with respect to their frequency of dis- 
charge in maintained stretch. 

When for other reasons some experiments were undertaken 
on rabbits the impression was obtained that in them the range 
of variation of the slope of the spindles’ frequency-extension curves 
varied much more than in cats. It was then decided to study the 
response to maintained stretch in slow and fast muslces of this 
animal. The ankle muscles were used because of the relatively 
long dorsal roots in which their afferents are represented. In 
order to compare rabbits and cats measurements of spindle dis- 
charge were made at the same time as in the previous work, 4—5 
sec after onset of stretch. 


Methods. 


The animals were given a dose of 5.0 ml/kg of a mixture of 10% 
urethane and 1 % chloralose, one hind leg denervated except for the 
muscles to be used, laminectomy performed, and the leg fixed at the 
three joints. Muscle temperature was controlled by a thermocouple. 
Functionally isolated spindles were identified in thin dorsal root fila- 
ments. Conduction time was nearly always taken in order to determine 
conduction velocity from the nerve electrode at the knee to the dorsal 
root filament (average conduction distance 15 cm). A minority of the 
spindles had latent periods between 2 and 4 msec and thus conduction 
velocities below 75 m/sec, which generally are assumed to be myotube 
endings (MERTON 1953, Hunt 1954) but most of them had conduction 
times between 1.2 and 1.5 msec and therefore belonged to the rapidly 
conducting nuclear bag endings (100—125 m/sec). It was not possible 
to distinguish slowly conducting spindle afferents from the rapidly 
conducting ones by features other than conduction velocity. 

The muscles used were soleus (8), gastrocnemius (G), plantaris (P). 
extensor digitorum longus (EDL) and tibialis anterior (TA). Abbrevia- 
tions within brackets refer to the graph of Fig. 8. The two flexors, 
TA and EDL, were used with denervated ankle extensors and wice 
versa. All muscles were carefully isolated. Soleus in the rabbit is firmly 
fixed to the lateral gastrocnemius in the lower part of its belly, but for 
these experiments was dissected free. 
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impulses per sec 


40 


20 


Extension (mm) 


Fig. 1. Maintained discharge of gastrocnemius spindle. 


Conduction velocity 100 m/sec. 
Open circles, before, filled circles, after de-efferentation. 


The myograph stand was fixed to a sliding device provided with a 
catch so that any extension in mm could be reproduced at will. Zero 
length was determined. by the initial length necessary to make the 
myograph barely record a deflection. This would be a deflection of the 
order of 20 g. 

The preparation just described usually had intact motor innervation 
of its spindles. This made it sensitive to painful stimuli or twist of the 
ear but, in between, the spindles discharged with the regular frequency 
characteristic of absence of, or very low gamma bias. In one animal 
the spinal cord was destroyed and, occasionally, in others, ventral 
roots were cut without noticeable influence on the discharge of spindles 
to stretch. If the basic rhythm of discharge was irregular, suggesting 
variations in gamma bias, more anaesthesia was given in small doses 
until the discharge became steady. 

However, it is of interest to study the behaviour of a spindle before 
and after ventral root section in a specific case such as that of Fig. 1. 
Clearly its response to stretch has not changed after de-efferentation 
more than one is entitled to expect in comparing two series of stretches 
repeated at an interval of half an hour. In this time the injury dis- 
charge from the cut ventral roots should be gone. 
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Fig. 2. Samples of maintained ciaiiiies of three spindles, A, B and C. 
Extension on the left in mm. 


A: From medial gastrocnemius. Conduction velocity 115 m/sec. 
B: From undivided gastrocnemius. Conduction velocity 100 m/sec. 
C: From tibialis anterior. Conduction velocity 79 m/sec. 

Time, 100 eps. 


Results. 


With respect to the frequency of discharge at comparable 
extensions, rabbit spindles may be subdivided into three main 
types, examples of which in Fig. 2 are shown under A, B and C 
respectively. The numerals 6 to 14 indicate muscle extension in 
mm. Rates of discharge are thus slow, medium or fast. Muscle 
spindles in ankle extensors of cats have been studied for several 
years in this laboratory, though — with the exception of soleus 
spindles (GRaNniT 1958) — less systematically in relation to exten- 
sion than in the present work. The general experience of one of 

s (R. G.) has been that very fast spindles do not occur in cat 
ankle muscles. However, flexors have but rarely been used for 
such purposes. Very high frequencies of discharge can, of course, 
be produced in cats by sufficient gamma bias. 

Samples will now be given in Figs. 3—7 of discharge frequencies 
plotted against extension in mm for spindles in different muscles. 
Fig. 3 from tibialis anterior (TA) has been chosen to illustrate 
variations in a single experiment in which 8 spindles were isolated. 
Clearly this muscle contained spindles of different type but four 
of them belonged to type C with very fast frequencies of discharge 
and a slope above 12 imp/mm. The total number of TA spindles 
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Fig. 3—7. Plots of frequency of discharge of 


muscle spindles against extension in mm. 
All spindles from the same animal’s tibialis 
anterior. 


. Spindles from extensor digitorum longus. 


4 
Fig. 5. 

6 

7 


Spindles from gastrocnemius. 


. Spindles from plantaris. 
. Spindles from soleus. 
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No. of spindles in % 


AcE OL 


a 7 
Slope constant freq 


0 3 6 


Fig. 8. Number of spindles in per cent of total in the muscles 
soleus (S), gastrocnemius (G), plantaris (P) and extensor digi- 
torum longus (EDL) + tibialis anterior (TA) plotted against 
slope constants grouped as marked on the abscissa. Thus spindles 
with slope constants between end values of any group have been 
referred to midpoint of group. Slope constants slightly above 
30 have been regarded as being 30. Number of spindles is for 


8S = 16,G = 17, P = 13, TA + EDL = 23. 


was 16, from five animals. The maximum slope, measured, as 
always, from the upper, linear, portion of the curves, reached 
the incredibly high value of just over 30 imp/mm, the average 
being 13 spikes/mm. A graph will be given below in Fig. 8 for all 
experiments, a total of 69 spindles in different muscles. 

Fig. 4 refers to the other flexor (EDL). Only 7 spindles in three 
animals were studied, the aim merely being to find out if there 
were spindles of type C also in this muscle. The average was 15 
spikes/mm, the highest individual value 25. The flexors TA and 
EDL have been treated together in Fig. 8. 

Fig. 5 shows samples from the gastrocnemius (G). The total 
was 17 spindles from 11 animals. Only two of them had slope 
constants above 12 spikes/mm and these are the two illustrated 
in Fig. 5, another one just reached 12 spikes/mm. The average 
was 9.8 imp/mm and so this muscle typically had B spindles. 
However, it also contains types A and C. 

Fig. 6 illustrates samples from the extensor, plantaris (P). 
The total was 13 spindles only three of which had slopes below 
8 spikes/mm (5.7, 7.5 and 7.5 respectively). There were four very 
fast spindles (slopes 12, 24, 26, 30). The average was 13. 
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Finally, Fig. 7 samples the extensor soleus (S). The total was 
16 spindles in 9 animals. None of them had slope constants above 
12 spikes/mm though one reached that value. The average was 6.0. 
Characteristically soleus has A and B spindles. 

It is, of course, entirely arbitrary to divide spindles into groups 
with slope constants from 1 to 8 spikes/mm, 8 to 12 and beyond 
12 spikes/mm and call them spindles of type A, B and C, or slow, 
medium and fast spindles respectively. A look at the graph of 
Fig. 8 suggests that the fastest spindles perhaps should be separated 
as a special group of their own because there is a gap between 
them and the others. This naturally raises the question of whether 
the fastest spindles might not in some way be abnormal. There 
are two very characteristic signs of abnormality in spindles: (1) 
they stop firing suddenly or start to discharge intermittently 
and many spindles will do this very early under excessive pull, 
(2) they become phasic and refuse to respond to maintained 
stretch, a fact that should make the experimenter suspect low 
blood pressure. Our fastest spindles by either of these criteria 
were not abnormal. On the contrary, they discharged at these 
high rates for many seconds beyond the 5 sec needed for the test, 
even at extensions as high as 12—14 mm. In order not to cause 
damage one hesitates to extend experiments at great extensions 
far beyond the time necessary for measurement. One more reason 
for regarding the fastest spindles as normal is their distribution 
in the graph of Fig. 8. There is no obvious explanation of why 
abnormal spindles would be so rare in the slow muscles and so 
common in the fast ones. 

In rabbits contraction times in soleus tend to be between 55 
and 60 msec, in gastrocnemius around 27, in plantaris around 20, 
in EDL around 17—19 and in tibialis anterior which is more 
variable, from 12—16 msec. 


Discussion. 


It has been shown by Gorpon and Hoxpourn (1949) that 
contraction time in muscle twiteh varies from fibre to fibre. 
Many muscles are mixed and in them the slow components tend 
to lie deeper than the fast ones (DENNY-Brown 1929, GoRDON 
and HoLBourRn 1949, review of earlier literature, NEEDHAM 1926), 
An example is tibialis anterior in the cat which is a fast muscle 
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(Denny-Brown 1929). Gorpon and (1953) dissected 
out a deep, slow component which in the total twitch merely 
appeared as an insignificant tail after the fast events. In rabbits 
such a tail is often seen in the fast EDL. In embryological life 
intrafusal muscles grow out of extrafusal ones (e. g. CuasuNco 
1927) and so, in the same muscle, may well have different mechani- 
cal properties depending upon site. The overall contraction time 
in twitch merely serves as a general guide. It will, of course, 
favour the fast components, partly because the slow ones are 
submerged in the fast twitch but also because slow muscle requires 
tetani to build up its response. 

Now, this research was prompted by the notion that slow 
extrafusal systems may have correspondingly slow intrafusal ones 
and that the fast extrafusal fibres in fast muscles might give rise 
to spindle fibres with similar characteristics. Considering all the 
facts mentioned above there is nothing in our results that could 
not be explained by this hypothesis. 

On the other hand, there is a very large anatomical literature 
on spindles from this and the previous century which demon- 
strates that intrafusal fibres have different lengths (see e. g. 
SHERRINGTON 1894). One may distinguish short and long ones. 
It is not known how these are distributed in muscles. It is pos- 
sible that the length of the intrafusal fibre may determine the 
amount of strain to which the sense organ will be subjected in 
stretch, provided that the spindle inserts on tendon or aponeurosis 
as it commonly does. Some spindles, however, insert on perimysium 
or endomysium at both polar regions. In the absence of precise 
histological data hypotheses based on intrafusal fibre length and 
site of insertion are useless. So also are theories based on nuclear 
bags of different properties. The simple mechanical hypothesis 
outlined above differs from mere speculation in that it has proved 
its value. It suggests that excessive pull on soleus should occa- 
sionally raise high frequencies of discharge in a spindle. We have 
seen this happen twice, one case being illustrated in Fig. 7. More 
often than not, however, soleus spindles stop increasing in fre- 
quency at great extensions. 

As stated above, the frequency spectrum of spindles from the 
corresponding muscles in the cat does not extend to the high 
frequencies seen in the rabbit. What slope constants we possess 
for soleus and gastrocnemius in the cat also average out at lower 
values than in the rabbit. Why this should be so we do not know 
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and can only point to evidence (KERSCHNER 1893, BARKER 1948) 
according to which the rabbit end organs are less well differentiated 
into two types, the annulo-spiral and the flower-spray varieties, 
than are those in the cat. Rabbit end organs are found in the 
nuclear bag or adjacent myotube regions of the spindles but tend 
to be rather alike in appearance (BARKER 1948). Of the two 
fanciful names, the ‘flower spray’ fits rabbit spindle organs better. 
Conduction velocity is no definite guide. The afferent fibre of 
one of the extremely fast spindles depicted in Fig. 4 (slope constant 
25) in EDL had a conduction velocity of only 60 m/sec but then, 
in soleus, there were a number of equally slowly conducting 
spindle afferents. No obvious correlation could be detected be- 
tween conduction velocity and slope constant. In gastrocnemius 
the average conduction velocity was 112 m/sec, in EDL + TA 
only 75 m/sec, estimated from the conduction time on the basis 
of an average distance of 15 cm. 


This work has been supported by the Swedish Medical Research Council. 
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Granit, R. and 8. Homma. Phasic stretch and ‘spindle mus 
constant’ in slow and fast rabbit muscle. Acta physiol. exer 
scand. 1959. 46. 174184. —- The aim of this paper is to find of ¢ 
a mathematical expression for the inherent properties of 
muscle spindles as indicators of phasic changes. Rate of mag 
change of muscle extension and rate of change of interval mea 
between two successive spindle discharges have been meas- of a 
ured and plotted, one against the other. Their ratio has in s 
been found constant at different rates of stretch. This is poe 
the spindle constant, defined in the paper. peg 
It is well known from the work of MatrHEews (1933) that the 
muscle spindle responds to rate of stretch as well as to maintained 
pull of the muscle. In the afferent terminals of individual muscle 
spindles in the frog Katz (1950) recorded equivalent dynamic R: 
and static changes of ‘generator potential’. It is hardly necessary of 1' 
to quote further papers in support of what is common knowledge, ™ ( 
alrea 
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namely that fast stretch of limited amplitude may raise higher 
discharge frequencies than slow pull extending the muscle to 
considerably greater length. 

The discharge frequency in maintained stretch varies a great 
deal from spindle to spindle but the relation between frequency 
and extension is linear (ELDRED, Granit and Merton 1953, 
Granit 1958). We have recently (Granir and Homma 1959) 
found this rule well obeyed with rabbit muscle spindles and have 
also shown that there is a general relation between contraction 
time of a muscle and the slope of the frequency/extension-curve 
of its spindles. The slope tends to be small in slow muscle and steep 
in fast muscle. Nothing is known, however, of the phasic properties 
of different types of spindles in relation to rate of extension. This 
paper attempts to fill this gap in our knowledge. 

The biological background of this work is partly an interest 
in receptor properties as such but mainly a desire to understand 
principles of rapid control in the particular situation when a 
brief contraction of one muscle stretches its antagonist at the 
same joint, and the muscles concerned — as often is the case — 
have different contraction times. 

With this in mind we have developed a technique of stretching, 
the principle of which is that one ipsi- and one contralateral ankle 
muscle are jointed to the opposite ends of a horizontal lever 
pivoting around its midpoint, With this arrangement, when one 
muscle is made to contract by a tetanus to its nerve, pull will be 
exerted on the contralateral fellow muscle at the opposite end 
of the lever. Thus rates of stretch of a physiological order of 
magnitude can be conveniently obtained and it is possible to 
measure rate of extension together with the discharge frequency 
of an indicator spindle from the extended muscle. It is necessary 
in such work to use soleus for graded contractions because fast 
muscles such as the ankle flexors accelerate the spindle too rapidly 
for accurate measurements of frequency. 


Methods. 


Rabbits were anaesthetized by an intravenous injection of a mixture 
of 1 % chloralose and 10 % urethane (5 ml/kg). Ether was given during 
the operation but not during the experiments. This is the preparation 
already described in the previous paper (GRANIT and Homma 1959), 
with the difference only that the animals always were de-efferented 
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Fig. 1. Diagram of apparatus, as described in text. 


from L5 to the end of the sacral roots. Spindle afferents were isolated 
in the dorsal roots, as described. Muscles were isolated and the leg 
denervated as described in the previous paper. 

The essential new feature of the experiment is the apparatus shown 
in Fig. 1. Z is the horizontal lever mentioned in the introduction. It 
moves on ball bearings. Right and left ankle extensors (M, and M)) 
are attached to it by threaded hooks. By altering the length of these 
hooks, the correct initial alignment of the lever, as shown by the indi- 
cator J, is achieved. Light illuminates a photocell (Ph) whose exposed 
end faces a shutter (Sh) attached to the left lever arm. By this arrange- 
ment, the output of the photocell is directly proportional to movement 
of the lever arm, and hence, to change in muscle length. The strain 
gauge on the same arm records tension. The stand holding the mid- 
point of the lever can be shifted along the scale (S), so as to set initial 
length. The amplified outputs of photocell and strain gauge are led to 
one double beam cathode ray tube to give records of extension and 
tension respectively (see figures). 

The impulses discharged by the indicator spindle are led to a pair 
of amplifiers in parallel. The output of one is displayed as a conventional 
record of spikes; the other amplifier drives an interval recorder, used 
in several papers from this laboratory and designed by Dr. Bernhard 
Frankenhaeuser. The output of the interval recorder is shown on 
the other beam of the same tube. In a typical interval record (Fig. 3 b) 
the height of each vertical stroke is directly proportional to the interval 
between two successive impulses and hence, inversely proportional to 
frequency. Joining the peaks of a series of these strokes gives the curve 
of change of impulse intervals. Direct recording of spindle discharge 
is merely a running control of the interval recorder, because the latter 
is sensitive to spike amplitude and may fail if this diminishes while a 
measurement is in progress. 
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Fig. 2. Soleus stretched by contraction of contralateral soleus (tetanization of 
tibial nerve). 


: Spindle discharge from dorsal rootlet of L7. 

: Spindle discharge is led to interval recorder; the vertical height of each stroke 
is proportional to interval between two successive spikes. Calibration of 25 
msec interval. 

: Extension curve recorded by photocell. Calibration of 10 mm. 

: Tension curve. Calibration of 100 g. 


In the actual experiments muscle M, was the right soleus which 
is tetanized from its muscle nerve. The lever then pulls on the left 
muscle M, which in our experiments has been soleus, plantaris or, 
occasionally, tibialis anterior. In this way different smooth rates of 
exponential stretch can be obtained by varying the frequency of the 
supramaximal tetanic stimulus. 


Results. 


In Fig. 2 the two lower curves (¢ and d) show extension and 
tension respectively, in one de-efferented soleus when the other 
is tetanized for 5 sec. The upper records illustrate spindle dis- 
charge in the opposite soleus directly (a) and by the interval 
recorder (6). Tension (which in all records is the thicker line) 
as well as directly recorded discharge frequency (a) merely serve 
as general controls. All measurements to be presented below 
deal with mm extension (c) and interval (b) in msec which is 
easier to measure than its inverse value, the discharge frequency. 
It has also turned out that interval lends itself more readily to 
quantitative treatment than frequency. In Fig. 2 adaptation 
is well shown by the slowly rising contour of the peaks of the 
interval record. This figure is shown to illustrate the full course 
of the events at slow film speed. 

For measurements the film has been run at higher speed, as 

12—593285. Acta physiol. scand. Vol. 46. 
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Fig. 3. As Fig. 2, but five experiments at increasing rates of extension from 1 to 5. 
Extension 3.4 mm. Note calibrations of interval recorder, strain gauge and lever 
excursion measuring extension. 


in Fig. 3. We shall be concerned solely with the time from zero 


to maximum extension or minimum interval, respectively. Fig. 3 | 
shows successive records of stretch of soleus at different rates of | 


extension. Otherwise it is similar to Fig. 2. These records will 
now be analyzed in detail. 

Extension: Let E, be the extension at any early time ¢ from zere 
onwards, and £, the final semistationary state of extension which, 


from the point of view of the present problem, may be regarded | 


as a stationary maximum. 
Measured points on the five curves of Fig. 3 are plotted in Fig. 
4 a on semilogarithmic paper. It is seen that log (LZ, — E,) plots 
as a straight line against ¢, but only during the first 200 msec. 
However, this is the time during which discharge intervals rapidly 
shorten to reach a final minimum and, so, is the time in which 
we are interested. The lines drawn are described by the simple 
exponential equation 
E, = E, (1 — e*/P), (1) 


in which f is the slope constant given by the numerals opposite | 


each line of Fig. 4 a. It will be called the extension constant and 
its dimensions are time. For the present purpose equation | is 4 
good enough approximation to our data. 

The extension constant £ decreases from 400 at slow rates of 
pull to 55 with fast extension. 

Discharge intervals: Let I, be the final minimum interval (in 
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Interval 


Extension 50-msec 


20+ 


Time 


Time 


0 200 400 ~~ 600msec 20. 40 60 80 100 120msec 
a b 


Fig. 4. Analysis of Fig. 3. Logarithmic ordinates. From above downwards the five 
curves refer to the experiments 1—5 of Fig. 3. 


a: Relation between time and extension, latter defined as Hy — Ey. B,, B,...-- Bs 
are the extension constants calculated from equation 1 (see text). 

b: Relation between time and interval. defined as 7; — Jf. Curves drawn according 
to equation 2. a,, a,... as are the interval constants (see text). 


each of the five experiments of Fig. 3), 7, the interval at any 
early time ¢, and J; the initial interval. These were found to be 
related by the equation . 
(2) 


The points measured in the experiment are plotted in Fig. 4 b. 
There is a good fit when log (J,—-I,) is plotted against ¢t. The 
slope of each line is an interval constant a, expressed in msec. 
It is seen that the values of a, just as those of B, decrease with 
faster pull. 

With these data available it is possible to relate rate of extension 
to rate of change of interval. Fig. 5 shows the interval constant a 
plotted against the extension constant #. Clearly their ratio is 
constant and for this particular spindle £/a is 5.0. This ratio serves 
to characterize the sensory organ in phasic stretch and will be 
called the spindle constant. 

Significance of spindle constant. Having shown how the spindle 
constant is obtained the next step is to demonstrate the biological 
value of this concept. The first comparison concerns slow and 
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r msec 
80+ 

40} 
20+ 
msec 
0 100 300 ; 500 


Fig. 5. Demonstration of constant 

ratio between interval constants a 

and extension constants B of Fig. 

4. The spindle constant is defined 

as the ratio B/a which in the pres- 
ent case is 5.0. 


fast muscle. In the rabbit (GRanNiT and Homma 1959) soleus is 
slow, plantaris has a large fast component but also a small, slow 
one, tibialis anterior is fast and does not seem to possess the well- 
defined slow component that Gorpon and Puitiies (1953) found 
in the cat’s tibialis. However, it is likely that most ankle muscles 
contain fibres of different contraction times. The dominant type 
will dominate the myographic record. A number of spindle con- 
stants measured in the manner demonstrated are shown in 


Table 1. 

Soleus Plantaris Tibialis 
anterior 

7.1 5.0 2.7 

5.2 3.2 2.1 

5.2 3.1 — 

5.0 2.7 

5.0 2.1 
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of 

rmsec 
“Omm 

2mm 

40F 
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Fig. 6. Plot of a against @ as in Fig. 5 

but from another experiment with soleus 

at the initial lengths marked in the 
figures. 


Thus, in the rabbit, the spindle constants are large in slow 
muscle and small in fast muscle. Values for tibialis anterior were 
difficult to obtain for reasons stated above. The spindle constants 
thus serve to differentiate spindle types in slow and fast muscle 
from the point of view of their phasic responses. In the case of 
tonic (steady) stretch, when spindle frequency is plotted against 
extension, a linear graph is obtained whose slope for a spindle 
in slow muscle is less than one in fast muscle, demonstrating a 
similar differentiation in spindle responses (GRANIT and Homma 
1959). 

Very generally, large spindle constants mean that fast rates 
of extension do not play the same role for the discharge of the 
sense organ as they do when the spindle constant is small. In 
the latter cases a little change in rate of extension greatly in- 
fluences discharge rate. Slow muscles containing spindles with 
large spindle constants, when pulled upon at d*fferent rates by 
their antagonists, therefore will not signal variations in rate of 
stretch as efficiently as fast muscles in which the spindle constants 
are small. 

The question next arises as to whether different levels of tonic 
gamma activity might influence the spindle constants. To a 
first approximation gamma activity is likely to cause a steady 
contraction of the muscular poles of the spindle and so be equiv- 
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Fig. 7. Plot of a against f as in Fig. 5 in experi- 

ment in which one soleus spindle (S) and one 

plantaris spindle (P) were analyzed in succession, 
both muscles being at the same initial length. 


alent to an ‘internal’ variation in length of the nuclear bag. This 
effect can be imitated by starting stretch at different initial 
lengths. 

Fig. 6 is an experiment with a soleus muscle at 0, 2, 4 and 6 mm 


| 


initial length. It is seen that the three curves for 0, 2 and 4 mm | 
are parallel when a is plotted against #, as in Fig. 5. (Only two | 


values could be obtained at 6 mm owing to the technical difficulties 
mentioned, when frequencies of discharge are high.) Thus the 
spindle constant as such does not depend upon the extent to which 
the nuclear bag is biased by internal stretch caused by tonic 
gamma activity contracting the muscular poles. It is an inherent 


property of the sensory organ. GRANIT and Homma (1959) came | 


to the same conclusion with regard to the variations of the slope 
constants in static stretch, mentioned above. 
Inspection of Fig. 6 shows that the interval constant a diminishes 


under stretch (or gamma activity causing intrafusal stretch). | 
This means that good gamma bias or an equivalent amount of | 
extension makes the spindle more sensitive to fast phasic changes, | 


as experimentally found by Granit and Henatscu (1956). 

Fig. 5 has shown that, for a given spindle, the rate at which 
the interval changes is proportional to the rate at which extension 
changes. If, in one and the same experiment, one plantaris- and 
one soleus-spindle are selected and the same initiai length is 
used for both muscles, it is possible to visualize directly an im- 
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portant implication of the concept here introduced by the ‘spindle 
constant’. 

S in Fig. 7 is the so.eus spindle which had a constant of 5.0, 
P is the plantaris spindle with a constant of 3.1. The two curves 
in a—p diagram cross at a rate of extension around 120 msec. 
Assume the situation in the animal’s body when these two synergist 
muscles are extended by contractions of the flexor antagonists. 
At the crossing point 8 = 120 the two spindles will give the same 
information a. At any other rate of extension than 6 = 120 they 
will differentiate rates of extension by differential behaviour. 
When rate of stretch grows slower (f increases), a continues to 
be reasonably small for the tonic soleus spindle but undergoes a 
considerable increase for the phasic plantaris spindle. This means 
that the soleus spindle, owing to its large spindle constant, senses 
slow phasic changes better than the plantaris spindle. Again, 
when rate of stretch increases to the left of the crossing point 
(B decreases); the faster plantaris spindle, owing to its small 
spindle constant, becomes the relatively better instrument of 
the two, because a grows small for it and changes very little for 
the soleus spindle. 

In this experiment the crossing point was actually measured by 
the two curves of Fig. 7. This finding suggests that intrafusal 
contraction in a set of spindles may, by altering spindle length, 
displace their a—f curves along the a-axis (without altering their 
slopes) and thereby ‘shift the crossing point in an appropriate 
direction — yet another example of what incredibly fine instru- 
ments for control the muscle possesses in its spindles. Intrafusal 
contractions are monitored both by reflexes and by supraspinal 
events (see summary, GRANIT 1955). Hitherto we have mostly 
considered tonic aspects of intrafusal activity. Considerations 
based on the spindle constant seem to offer a valuable line of 
approach to an understanding of integrations based on phasic 
differentiation. 


Discussion. 


Time is hardly ripe for a discussion of applications of the 
concept introduced here because no experimental work exists 
which compares rates of extension in a group of co-operating 
muscles. One does not know how the reflex effects emerge in 
terms of tonic and phasic motoneurones and muscles, still less is 
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it possible, on the sensory side, to go beyond the general state- 
ments made above that the new findings show the existence of 
grid of B/a curves which will shift their relative position and points 
of intersection under the influence of stretch and/or intrafusal 
control. Information from the muscle is bound to vary accord- 


jngly. 
Summary. 


1. Exponential stretch of tonic and phasic muscles in rabbits 
has been carried out by a special device (Fig. 1). Rate of change 
of extension of muscle (8) and rate of change of interval (a) be- 
tween individual discharges of an indicator spindle has been meas- 
ured. 

2. It is shown that for any one spindle f/a is a constant, large 
in tonic muscle and small in phasic muscle. This is defined as the 
spindle constant. 

3. The spindle constant is independent of initial muscle length. 

4. Considerations based on plots of spindle constants show 
that spindles in fast muscles respond better to fast rates of exten- | 
sion, spindles in slow muscles better to slow rates of extension. 


The authors are indebted to the Swedish Medical Research Council for a grant 
in aid of this work. 
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Abstract. 


Granirt, R., 8. Homma and P. B. C. Marruews. Prolonged 
changes in the discharge of mammalian muscle spindles 
following tendon taps or muscle twitches. Acta physiol. 
scand. 1959. 46. 185—193. — The muscle spindle is a very 
sensitive recording instrument and is here found to change 
its level of excitability, despite de-efferentation, after 
tendon taps or submaximal contraction, as shown by pro- 
longed changes in its frequency of discharge. It is sug- 
gested that this effect often is due to mechanical dis- 
placement, but since it is influenced by injection of 
Flaxedil, the intrafusal end plates may well be spontane- 
ously active in the normal state. Flaxedil causes full pa- 
ralysis of extrafusal motor end plates at a time when in- 
trafusal gamma end plates are far less influenced. 


' Present address: Laboratory of Physiology, Chiba University, Chiba, Japan. 
* Present address: Laboratory of Physiology, Oxford University, Oxford, Eng- 


land. 
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It is well known that the release of a stretched muscle is often 
followed by a period of silence in the discharge of its muscle 
spindies (MatrHEws 1933). We were therefore surprised when, 
in the course of other work, we found that a brief tap to the 
tendon of a muscle might sometimes initiate a prolonged increase 
in the discharge of the muscle spindles from it. This paper de- 
scribes investigations into the phenomenon, unfortunately without 
coming to any definite decision as to its origin. A major diffi- 


culty has been that the effect has sometimes been more easily | 


elicitable with tendon taps, sometimes with twitches below the 
strength necessary for stimulating gamma motoneurones. How- 
ever, some factors have been experimentally excluded. 


Methods. 


The results to be described have been obtained from muscle spindles 
lying in the ankle extensor muscles of both cats and rabbits. The cats 
were anaesthetized with ether and decerebrated by suction, usually 
just in front of the anterior colliculi. In some cases they were then 


made spinal by cutting the spinal cord at the level of Th12. The experi- | 
ments were performed when the effect of the ether had worn off. Some | 


rabbits were similarly decerebrated and made spinal under ether 
anaesthesia. Other rabbits were anaesthetized by the intravenous 


injection of a mixture of 1 % chloralose and 10 % urethane (5—6 | 
ml/kg), and not decerebrated. A little ether was also usually given during | 


the operation but not during the experiment. The anaesthetized rabbits 
had little if any tonic gamma activity but gamma reflexes to pinna 
manipulation and to painful stimuli could be elicited. 

Single muscle spindle afferents were isolated by splitting dorsal 


rootlets into fine filaments and recording from their peripheral ends. | 


Fuller details have been given in many preceding publications from 
this laboratory (cf. Granir and Kaapa 1952, ELpREeD, Granit and 
Merton 1953, Granir 1958). The leg studied was firmly fixed, and the 
nerves other than those to the extensor muscles were cut. Sometimes 
the whole triceps surae was used, but mostly the gastrocnemius and 
soleus muscles were separated. In the rabbit the gastrocnemius is 
firmly attached to a portion of the soleus in the lower half of it. Separa- 
tion therefore entails some mutilation of either muscle. The experi- 
ments were usually performed under both isometric and isotonic 
conditions for recording the response of the muscle. For isometric 
recording the muscle was connected by metal links to a strain gauge 
myograph on a movable stand. For ‘isotonic’ recording one of these 
metal links was replaced by a light spring (stiffness either 40 g/mm or 
9 g/mm), thus allowing the responses of the muscle spindle to be fol- 
lowed after the muscle had shortened. 
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a 

b 

Cc 

e ]2349 
t 
1 sec 


Fig. 1. The effect of tendon taps on the discharge of a muscle spindle in the 

soleus muscle of a decerebrate cat (pre-collicular). For each pair of records: above, 

the discharge of the muscle spindle recorded from a small filament of dorsal root; 

below, myograph record obtained from an isometric myograph connected to the 

soleus muscle by a weak spring (stiffness 9 g/mm). The records are arranged in 

order of increasing size of tap. Note that the discharge after the tap is in some 
cases above the resting level, and in some cases below. 


Spindle afferents were identified as such by the pause in their dis- 
charge during the contraction of the muscle produced by stimulating 
the muscle nerve electrically. In rabbits the conduction velocity of the 
afferent fibre studied was always roughly estimated by determining 
the time interval between a shock to the muscle nerve and the arrival 
of the action potential of the single afferent in the dorsal rootlet. The 
conduction distance was about 15 cm and the conduction times ranged 
from 1.2 to 3 msec, giving conduction velocities ranging from 125 to 
50 m/sec. Some of the slower afferents presumably originated in the 
myotube endings, but in our tests there have been no obvious dif- 
ferences between the behaviour of the larger and the smaller spindle 
afferents, and both appeared to be influenced by the gamma moto- 
neurones (cf. Hunt 1954). In cats previous experience has shown that 
the technique of root splitting almost always isolates fibres of high 
conduction velocity, and we have only occasionally measured it in 
the present experiments. 


Results. 


1. General description. The prolonged effect which a tendon 
tap may have on the discharge of a muscle spindle is shown in 
Fig. 1. The spindle lay in the soleus muscle of a decerebrate cat, 
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and, except for the removal of a small filament of dorsal root 
from which the spindle afferent was isolated, the mnervation of 
soleus was intact. Soleus was connected to an isometric myo- 
graph through a light spring (stiffness 9 g/mm) making the 
recording approximately isotonic. A series of taps were then 
delivered to the hook connecting the spring to soleus and the 
records of Fig. 1 obtained (for each pair of records the spindle 
discharge is above and the myograph tension below). In every 
case there is an initial rapid discharge from the spindle at the 
same time as the initial mechanical deflection produced by the 
tap. This is followed by a silent period in the spindle discharge, 
presumably while soleus contracted in the tendon jerk reflex — 
though because of the isotonic conditions there is very little 
increase in tension. The silent period is terminated by another 
rapid discharge. These are classical findings; what is perhaps 
surprising is the variation in the discharge of the spindle later in 
the records, where sometimes the frequency of discharge is above 
the initial level and sometimes below. There appeared to be no 
correlation with the strength of the tendon tap, and the records 
are arranged in order of increasing strength of tap as judged by 
the mechanical record (the taps were delivered by hand). In this 
particular experiment the excitatory effect was no longer found 
when the spring was removed and the soleus connected to the 
myograph isometrically instead of isotonically; instead the spindle 
discharge was uninfluenced by the tap. In other experiments the 
increase in discharge has been found under isometric conditions 
and this is shown in Fig. 2a. Here, after two tendon taps, the 
discharge has increased, above the initial level. In general, how- 
ever, the prolonged increase in discharge has been more easily 
obtained under isotonic recording conditions. With isometric 
registration demonstration of the effect often required careful 
adjustment of muscle length. It was seen at one length (tension) 
but not at another. Some stretch was necessary. The effect has 
been found with afferents conducting at 50—70 m/sec, presumably 
coming from the myotube endings, as well as with larger afferents 
from the nuclear bag endings. 

A prolonged decrease in the discharge has been particularly 
marked when the previous discharge rate has been high, especially 
if it has been raised either by stimulating the muscle nerve at 
about the strength required to excite the gamma fibres, or if the 
gamma motoneurones have been excited by a pinna reflex or by 
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a A 
b 
[234g 
t 
1 sec 


Fig. 2. The effect of tendon taps on the discharge of a muscle spindle in the 

triceps surae of an anaesthetized rabbit. For each pair of records: above, the 

discharge of the muscle spindle; below, the tension in the muscle recorded directly 
with an isometric myograph. 


In a: the second of two tendon taps increases the discharge. 

In b: the brain stem was stimulated electrically thereby increasing the frequency 
of discharge of the spindle. 

In c: a further tendon tap now reduces the discharge to its original level (spikes 
retouched). 


stimulating in the mid brain. This last effect is illustrated in 
Fig. 2 b where the effect of mid brain stimulation is shown and 
in Fig. 2c where is shown the effect of a subsequently applied 
tendon tap. This may be compared with Fig. 2 a where is shown 
the previously excitatory effect of a tendon tap. 

In all these cases the stimulus to the muscle spindle system is 
complex. Initially the tap stretches the muscle, but the ensuing 
reflex contraction, when present, shortens it again. (With ‘isotonic’ 
recording the muscle may shorten to below its initial length, 
when it will be re-extended by the spring as it relaxes.) In either 
isometric or isotonic recording the muscle, and its included 
muscle spindles, will then return gradually to their previous 
length (this may involve internal redistribution of displacement). 
Possibly the final level of muscle spindle discharge will depend 
upon whether the muscle reaches its initial length again by 
being pulled out, or by shortening. A further complicating factor 
in the interpretation of the records is that in the intact animal 
the gamma motoneurones might be affected reflexly either by 
the initial stretch of the muscle or by its subsequent contraction. 
However, we shall proceed to demonstrate (section 3) that all 
the essential features of the prolonged discharge are seen in 
animals devoid of all reflexes. 


| 


1 sec 


Fig. 3. The effect of weak stimuli to the muscle nerve on the discharge of a 

muscle spindle in the soleus muscle of an anaesthetized rabbit. For each pair of 

records: above, the discharge of the spindle; below, the tension in the soleus 
recorded isometrically. 


In a: the third shock started the spindle discharging; 

in 6: is shown the ninth shock; 

in c: is the steady discharge built up after many seconds stimulation (spikes 
retouched). 


2. Contraction. The effect of the contraction was investigated | 


by stimulating the nerve to the muscle electrically with weak 
shocks, submaximal for the contraction of the muscle and there- 
fore considered to be below threshold for the gamma fibres and 
probably also of the smaller afferent fibres. The shock could also 
sometimes be set so as to be below the threshold of the spindle 


afferent studied, but presumably some other spindle afferents or | 


Golgi tendon organ afferents were excited as well as some of the 
motor fibres. Such an experiment is shown in Fig. 3 taken under 
isometric conditions. The spindle was initially silent, after the 
third shock it began to discharge (shown in a), the sixth shock is 
shown in 6, and in ¢ is shown the semistationary discharge es- 


tablished after several seconds of stimulation. Often only one | 


shock was needed but otherwise these were fairly typical results 
and at that stage suggested that the prolonged excitatory effect 
of the tendon tap may be partly dependent upon the muscle 
contraction rather than directly on the initial tap. As some 
afferent fibres were also excited electrically it is possible that this 
(reflexly) was the cause of the alteration in spindle discharge. 
This possibility was next tested by de-efferentation. 

3. De-efferentation. The effect of a reflex through the gamma 
motoneurones was initially investigated by giving Flaxedil in- 
travenously in order to paralyse neuromuscular transmission and 
produce a reversible de-efferentation. In general the prolonged 
excitatory effects were less marked after this though they could 
still occur. However by this method it proved impossible to 
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a 


d 


if ‘ 
1 sec 


b 


Fig. 4. The effect of tendon taps on the discharge of a de-efferented muscle 

spindle in the gastrocnemius muscle of a decerebrate cat. For each pair of records: 

above, the spindle discharge; below, myograph record from isometric myograph 
connected to the gastrocnemius via a spring of stiffness of 40 g/mm. 


a,b: show the increase in discharge produced by tendon taps; 

: is after an intravenous injection of Flaxedil (6 mg), discharge decreased; 

: after extending gastrocnemius by 2 mm when the effect of tendon tap was 
restore (spikes retouched). 


produce a complete gamma block at the time of complete alpha 
block. Interestingly the gamma end plates were far more resistant 
to this blocking agent than the alpha end plates on extrafusal 
muscle, as has also independently been found by HeNnatscu and 


| ScuuLTE (1958) in the frog. Complete de-efferentation was next 


employed. In some cases after this the excitatory effect could 


no longer be obtained, yet in most cases it was still strongly 


present provided that the length of the muscle was correctly set. 
An example is shown in Fig. 4, where the recording is again under 
isotonic conditions. Here a and b show the effect of three tendon 
taps and again illustrate the variability of the reactions (note, 
however, that tendon taps were delivered manually). It seemed 
of interest to try blocking the end plates in this case also, so 
Flaxedil was then given, with the result that the resting discharge 
and the response to tendon tap decreased — Fig. 4c. Stretching 


| soleus by 2 mm restored both to near their previous level — 


Fig. 4d. Further injections of Flaxedil produced the same effect 
at the increased length, and again the discharge could be restored 
by stretching. This effect of Flaxedil was regularly found in the 
completely de-efferented preparation and so cannot be ascribed 
to the progressive deterioration of the preparation. Also it was 
seen half an hour after de-efferentation when it seems unlikely 
that any injury discharges would be persisting. Thus partial 
paralysis of the end plates in the completely denervated prepara- 
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tion can alter the behaviour of the muscle spindle, and the end 
plates therefore appear to be in some way spontaneously active, 

Thus though the prolonged excitation may apparently be 
produced by muscle contraction, it is not essentially dependent 
upon reflex contraction as it is still found following a tendon tap 
in the de-efferented preparation. Similarly a brief twitch, as in 
Fig. 3, may elicit prolonged excitation after de-efferentation, 
provided that proper attention had been given to the adjustment 
of muscle length. 


Discussion. 


In pursuing these experiments it had been hoped to uncover 
a proprioceptive reflex/from contracting muscle to its gamma 
motoneurones. Though this may occur the present experiments 
provide little evidence for it, but they do serve to emphasize the 
lability of muscle spindles after mechanical disturbance. A pos- 
sible explanation for these results is that after a mechanical 
displacement the part of the muscle spindle lying beneath the 


sensory ending does not return to precisely the same length as | 


before. This would make our effect analogous to the prolonged | 


increase in discharge sometimes found by Kurrier, Hunt and 
QuiLLiaM (1951) after stimulation of the gamma motor fibres. 
However, it is not quite clear on this view why more basic stretch 
is required after Flaxedil to elicit the same phenomenon and why 
it had a lower threshold before the intrafusal end plates were 
partially paralyzed. The essential effect may therefore be a 


variation in the spontaneous rate of discharge of gamma motor | 


end plates. The alpha motor end plates have been found to dis- 
charge miniature potentials at a faster rate when stretched 
(Farr and Katz 1952, Hurrer and Trautwe1n 1956). The 
sensory portion of the muscle spindle may well be a sensitive 
detector of such spontaneous variations in its motor end plates, 
some of which, besides, on anatomical evidence (see e. g. BARKER 
1948) belong to fibres of the alpha group. 


Summary. 


1. When a tap is given to the tendon of a leg extensor muscle 
it may be followed by a prolonged (many seconds) increase or 
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decrease in the discharge in a single afferent coming from a 


muscle spindle in the muscle. 

2. Similarly after one or several brief twitches from a shock 
to the large muscle efferents a prolonged increase of the discharge 
of an isolated spindle afferent may ensue. 

3. In both cases this increase in discharge may still be found 
after cutting the ventral roots. This effect is not therefore neces- 
sarily dependent upon reflex activation of the gamma moto- 
neurones, but its cause has not been discovered. 


This work has been supported by the Swedish Medical Research Council. 
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Abstract. 
JOHANSEN, K. and J. Kioa. Peripheral circulatory re- 
sponse to submersion asphyxia in the duck. Acta physiol. D 
scand. 1959. 46. 194—200. — The peripheral circulation in the 
the duck during diving has been studied. Changes in pe- buil 
ripheral blood flow were indicated by measuring the venous loca 
pressure-rise in a branch of the femoral vein, when the main La 
venous return was occluded. Electrocardiograms and arte- — 
rial pressures were recorded simultaneously. Upon diving — 
of the animals an extreme bradycardia was observed while cath 
the arterial pressure underwent only small changes. The ty ¢ 
slow drop in the arterial diastolic pressure during diving — 
indicated a great reduction in the rate of emptying from ss 


the larger arteries. The peripheral blood flow determined 
from the degree of venous return was likewise found to be 
markedly reduced. It is concluded that diving induces an 
adjustatory shut down of the circulation through the whole 
limb. This explains the animals’ ability to compensate for Pres 
the extreme bradycardia in the maintenance of high sys- 
temic blood pressure, thus securing an ample circulation 
to the brain during asphyxia. fron 
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search, 
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The physiological mechanisms responsible for the high tolerance 
to asphyxia in diving mammals and birds, have so far not been 
found qualitatively different from those existing in typical land 
animals. The study of the adjustments to asphyxia are, therefore, 
most naturally sought for in the diving animals. 

The present study deals with the peripheral vascular control 
in the duck during diving asphyxia. 

The idea that asphyxia causes a redistribution of the circula- 
tion in such a way that the blood-flow through the brain is in- 
creased while peripheral blood-flow is reduced, has been the object 
of several previous investigations. Lennox and Gripps (1932) 
demonstrated that increased carbon dioxide in the blood of man, 
was followed by such a circulatory rearrangement. In 1937 Irvine 
demonstrated that inflation of the lung of the beaver and muskrat 
was followed by a similar circulatory redistribution. The same 
phenomenon was likewise described for typical land mammals 
like cats, dogs and rabbits (IRvine 1938). Irvine further demon- 
strated that clamping of the trachea elicited the same vascular 
changes. 

In the present study the problem is approached by measuring 
the degree of venous return from the extremities of ducks during 
asphyctic conditions. 


Methods. 


Domestic ducks (Anas boscas) were used as experimental animals in 
the present investigation. The animals were fastened to a specially 
built board, which could easily be tilted into a bath. A slight cutaneous, 
local anaesthesia was applied in the femoral region, where an incision 
was made and the femoral vessels dissected free. A catheter for pressure 
recording was inserted into a branch of the femoral vein. A ligature 
was placed around the main femoral vein proximal to the inserted 
catheter. By means of this ligature the venous return from the extrem- 
ity could easily be occluded and released at will. Arterial pressures were 
recorded in the femoral artery or in a branch of this vessel. Electro- 
cardiograms and pressures were recorded simultaneously on a Sanborn 
recorder. 


Results. 


Pressure relations in the vencus system. 


The venous pressures recorded at normal conditions varied 
from 15—20 mm Hg and showed small respiratory variations. 
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When the main venous return was obstructed simultaneously for ¢ 
with diving of the animals, as seen in Fig. 1, second curve from | 
below, the pressure-rise was only slight and transient. The highest 
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values, around 25 mm Hg, were attained after approximately 
10 sec, after which the pressure slowly fell to near prediving values, 
like those with the vein unobstructed. If now the animals were 
emerged, maintaining the venous stasis, a rise in venous pressure 
almost similar to that presented in the lower curve of Fig. 1, 
was recorded. 

These results seem to bring strong, direct evidence that the 
peripheral blood flow during diving asphyxia is markedly de- 
creased. 


Heart rate. 


The third curve from below in Fig. 1 demonstrates the heart 
rate before, during and after a dive. 

The wellknown bradycardia associated with diving was easily 
detected. In our experiments the reduction in heart rate amounted 
to around 50 % in about 25 sec. The prediving rate was very 
rapidly re-established following a dive. 


Pressure in the femoral artery. 


The arterial pressure undergoes only slight changes at the mo- 
ment of diving. Thus the mean pressure in the femoral artery 
was not found to change appreciably in spite of the steadily 
developing bradycardia. Most often a slight, transient decrease 
in the diastolic pressure occurred, while the systolic pressure often 
increased slightly in the first 30 sec of a dive. The pressure in the 
femoral artery during a short dive (25 sec) is demonstrated at the 
top of Fig. 1. Following prolonged diving, however, and especially 
after rediving of the animals, the mean arterial pressure was 
somewhat lowered. The decrease, however, was rarely more than 
25 % of the initial value. Fig. 2 demonstrates the pressure rela- 
tions in a prolonged dive (3 min). 

The extraordinary gentle slope of the diastolic part of the pres- 
sure curve in Fig. 2 points toward a considerable retardation of 
the rate of emptying from the larger arteries, thus compensating 
for the induced diving bradycardia. 
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Fig. 2. Tracings demonstrating arterial pressures during a prolonged dive (3 min). 


Upper tracing: Entrance to dive. 


Lower tracing: Coming out of dive 3 min later. 
Time, seconds. 


Discussion. 


Much effort has been paid to verify the theory that mammals 


possess the ability to adjust their circulation so as to secure an | 


ample supply of arterial blood te the brain during asphyctic 
conditions. 

Evidence in favour of this theory has, however, not been too 
well founded experimentally. The confusing results depend to a 
great extent upon inadequate methods for the measurement of 
blood flow. Thus the earliest reports utilized arterio-venous oxy- 
gen difference or direct observation of the smaller vessels as an 
indication for changes in blood flow. Great progress was made 
when Irvine (1937) conceived the idea that natural divers, e. 9. 
muskrats, beavers, seals, most reasonably possess the adjustatory 
mechanisms in an accentuated form. His flow measurements were 
based on the “thermostromuhr” principle. 

Later, GRINELL, ScHOLANDER and Irvine (1942) have ex- 
tended their investigations and brought further evidence to the 
problem from experiments on seals. In one experiment (IRVING, 
ScHOLANDER and GRINELL 1942) the arterial pressure difference 
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between the femoral artery and a toe artery was used as an indica- 
tion of changes in peripheral blood flow. 

The present study on the duck confirms the results obtained 
by Irvine e al. It may be objected that variations in volume 
capacity of the occluded extremity may mask blood flow changes 
through the muscles. However, during normal breathing condi- 
tions such volume changes was found to be of minor importance. 
During diving the initial pressure-rise soon stopped and then fell 
slowly towards prediving pressure (Fig. 1, second curve from 
below). This fall might depend on a change in the venous distensi- 
bility under these conditions. 

The steep pressure-rise immediately after the dive in Fig. 1 
(second curve from below) is almost identical with the pressure- 
rise following occlusion of the femoral vein during normal breath- 
ing conditions (Fig. 1, bottom curve). It seems therefore beyond 


| doubt that the blood flow through the extremities of the duck is 


markedly reduced during diving. 
The venous pressure during diving with the venous return un- 
obstructed fell some 10 mm Hg. This, however, gives no proof 


| for a reduced venous return as long as the same situation would 


result from changes in myocardial distensibility and degree of 
diastolic filling. 

The suggestions of PAaPPENHEIMER (1941) experimenting on dogs, 
that there exists an intramuscular bypass, preventing the blood 
from contact with thé metabolizing parts of the muscles, do not 
seem probable in the present experiments. Likewise, shunting of 
blood through arterio-venous anastomoses, as proposed by ScHo- 
LANDER (1940), does not seem likely in our experiments. 

The present study indicates that an adjustment to diving seems 
to be a general reduction of the circulation through the whole 
limb by contraction of the arterioles. This seems the most natural 
explanation for the animals’ ability to maintain the systemic 
blood pressure in the presence of the extreme bradycardia during 
diving. 
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Effect of Reduced Ventilation 
on Systemic Blood Pressure and Blood Flow 
in the Hind Part of the Cat during Infusion 
of Noradrenaline. 
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Abstract. 


Dunér, H. and U. S. v. Ever. Effect of reduced 
ventilation on systemic blood pressure and blood flow in 

the hind part of the cat during infusion of noradrenaline. 
Acta physiol. scand. 1959. 46. 201—208. — The effect of 
infusion of 1.6—2.2 wg/kg/min noradrenaline (NA) on the 
blood pressure and the blood flow in the hind part of the 
cat in nembutal anaesthesia was studied during normal and 
reduced ventilation. During normal ventilation NA infusion 
caused an increase both in blood pressure and flow while 
both effects were greatly diminished during reduced ventila- 
tion. It was further observed that in the latter condition 
the blood pressure response to carotid occlusion was still 
strong, in contrast to the effect of NA on systemic pressure. 


While the effect of noradrenaline on circulation in certain con- 
ditions of shock and circulatory failure is striking and manifests 
itself in increased systemic blood pressure and improvement of 
blood flow, it has also been observed that infusion of noradrenaline 
sometimes exerts an insignificant action only. Since the conditions 
under which noradrenaline — like the normal vasoconstrictor 
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outflow — acts on the circulatory system is of importance not 
only for the understanding of the circulatory homeostasis. in 
pathophysiological situations but also has therapeutical implica- 
tions, some experiments have been performed in the cat with a 
view to obtain some information on these points. In previoug 
experiments (DuNéR and Evter 1957) some factors influencing 
the secondary fall in blood pressure after infusion of noradrenaline 
in the cat were studied. The experiments to be reported here are 
concerned with the influence of reduced ventilation on the blood 
pressure response and the blood flow during and after infusion of 
noradrenaline in the cat. 


Methods, 


Cats anaesthetized with nembutal 35 mg/kg i. p., were used. The 
arterial blood pressure was measured by a Hg manometer from the 
right carotid artery. Infusions of noradrenaline, usually 10 mg/ml in 
saline, acidified with HCl to pH 4, were given by a-slow infusion appa- 
ratus through a polythene tube inserted in one femoral vein. Infusions 
were given during 5 or 10 min periods in doses of 1.6—2.2 ug/kg/min. 

Moderate degrees of asphyxia were produced by adjusting the arti- 


ficial respiration after exclusion of spontaneous respiratory movements | 


by a sufficient dose of curare or decamethonium (C10). The muscle 
paralysants were given repeatedly when necessary. 

The reactivity of the cardiovascular system was tested at intervals 
by occlusion of the left carotid. In some experiments one or both vagi 
were cut in the neck. 

The blood flow of the hind part of the cat was measured by means 
of an electromagnetic flow meter (SHIPLEY and Witson 1951) which 
was connected to the abdominal part of the aorta a few cm above the 


bifurcation through a polythene cannula of approximately the same | 


width as the aorta. The aortic blood flow was allowed to return to the 
peripheral part of the aorta. The flow was recorded either by reading 
off a galvanometer or by continuous recording on a Speedomax recorder. 


Results. 


Effects on blood pressure by intravenous infusion of noradrenaline 
during spontaneous and varying degrees of artificial ventilation. 


In the dose range used, 1.6—2.2 wg/kg/min, infusion of nor- 
adrenaline generally caused a rapid rise in arterial blood pressure. 
In some experiments the blood pressure remained increased at 
a fairly constant level. In other experiments, however, the blood 
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Fig. 1. Blood pressure, cat, nembutal. 


A: Spontaneous respiration. Between arrows i. v. infusion of noradrenaline during 
10 min at a rate of 1.9 pg/kg/min. 

B: Suboptimal artificial ventilation. Animal received 1 + 1 mg decamethonium. 
Between arrows noradrenaline infusion as in A for 5 min. At X carotid oc- 
clusion. Ordinate, 120—300 mm Hg. 


pressure, after having reached a peak in about 2 min, gradually 
fell off as described in a previous paper (DUNER and EULER 1957). 
After the end of the infusion a more or less conspicuous secondary 
fall occurred on many occasions. The fall was sometimes consider- 
able and the original blood pressure level was often not reached 
before +/, hour. Repeated infusions as a rule had similar effects. 

During adequate artificial respiration after the administration 
of curare or decamethonium the blood pressure was maintained 
at the same level as during spontaneous respiration. The blood 
pressure response to infused noradrenaline then was the same as 
during spontaneous respiration. By reducing the stroke of the 
respiration pump a moderate degree of asphyxia was produced as 
shown by an immediate rise in blood pressure. The effect of a 
noradrenaline infusion on the blood pressure now was very 
markedly changed as seen in Fig. 1. Instead of the usual brisk rise 
in blood pressure which is more or less well maintained, the rise in 
pressure occurred slowly and was much smaller or even absent. 
After the end of the infusion no secondary fall occurred in these 
experiments. 

Table I shows the response to infusion of NA during normal and 
reduced ventilation in 6 experiments. 

In a previous report (DunéR and Evier 1957) it was noted 
that the blood pressure response to carotid occlusion was regularly 
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Table I. 


Effect of NA infusion on the systemic blood pressure and the carotid 
occlusion response during normal and reduced ventilation in the cat. 


Exp. | NA | Normal ventilation Reduced ventilation Remarks 
no. Dose 
pg/kg) B. P. | Max. | Car. occl. | B.P. |Max. | Car. occl. 
per | bef. rise resp. bef. rise resp. 
min | inf. in B.P. inf. in B. P. 
mm_ | during | Bef./After; mm __| during | Bef. |After 
Hg NA inf. Hg NA inf. 
1 2.1 125 82 —|— 135 22 —| —| 85mg 
curare 
2 2.2 156 72 50 | 35 212 32 80 | 50] Vagot. 
curare 
70 mg 
3 1.7 140 52 76 | 88 165 18 {110 | 112 | Vagot. 
curare 
57 mg 
4 1.9 200 45 —|— 235 15 —| —]| 1mg 
C10 
5 1.7 135 85 |144 |716 182 23 66 | 66] 2 mg 
C10 
6 1.6 152 92 |113 187 28 35 {| 27] 1 mg 
C10 


1 before curare or C10. 


diminished for a period of 5—20 min after the end of an infusion 
of NA in doses of 1 wg/kg/min and upwards. This effect was 
consistently noted also in the present series of experiments during 
adequate ventilation (Fig. 1). It was striking, however, that 
during reduced ventilation after administration of decamethonium 
or curare, the carotid occlusion test was as a rule increased and 
only moderately diminished after an infusion of NA which in itself 
had very much less action (Fig. 1). 


Effect of NA infusion on blood flow in the hind part 
of the cat during normal and reduced ventilation. 


When blood flow was measured in the hind part during NA 
infusion a marked increase was observed as long as ventilation was 
adequate (Fig. 2). During reduced ventilation, when the blood 
pressure response to NA infusion was strongly depressed, no 
change in flow was observed, however (Fig. 3). If ventilation was 
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MM | CAT 35 KG. 
HG | ART. BP FLOW z 


INFUSION _NA 
co. 16 KG/MIN 


“TIME MIN, 
Fig. 2. Cat, nembutal. Effect of NA infusion 1.6 ug/kg/min on the blood pressure 


and the blood flow through the hind part during normal ventilation. C. O. 
carotid occlusion. Time min. 


z 
ART BP o— o— FLOW = 
HIND LEGS | > 
MM z 
240 4 
220- L 40 
200 
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CO. 16406 /KG/MIN £0 
1515 1520 


Fig. 3. Cat, nembutal. Effect of NA infusion 1.6 »g/kg/min on biood flow and blood 
pressure during reduced ventilation. C. O. carotid occlusion. 


again increased, the blood pressure response to NA became larger, 
although usually not as big as the original response. The flow in 
the hind legs also showed a definite increase. In some experiments 
a considerable fall in blood flow was noticed when NA was infused 
during reduced ventilation, particularly at the end of an experi- 
ment and in animals showing a marked secondary fall in blood 
pressure (Fig. 4). 


Blood flow in the hind part of the cat during secondary fall 
in blood pressure after noradrenaline infusion. 


In order to obtain some information about the circulatory 
changes accompanying the secondary fall in blood pressure follow- 
ing an infusion of NA the blood flow in the hind part was measured 
also during this period. 
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Fig. 4. Cat, nembutal. Effect of NA infusion 1.9 yg/kg/min on blood flow and blood 
pressure. Marked secondary fall in blood pressure and blood flow. To the right: 
Effect of NA infusion during reduced ventilation. 


Fig. 4 shows the effect of an infusion of NA 1.9 ug/kg/min 
during 10 min on the blood pressure and the concomitant varia- 
tions in the flow of the hind part of the cat. As seen in the figure 
the fall in blood pressure is accompanied by a very marked fall 
in the blood flow in the hind legs. 


Discussion. 


The present series of experiments have shown that the secondary 
fall in blood pressure after an infusion of NA of about 2 ug/kg/min 
(Dunér and Ever 1957) is accompanied by a marked fall in the 
blood flow through the hind part. It is possible that this effect 


is mainly due to vasodilatation with pooling of the blood on | 


the venous side and decrease of the circulatory blood volume, but 
an inhibitory effect on the heart cannot be ruled out. Since it 
occurs also after bilateral vagotomy, a central or reflex effect 
mediated via the vagus nerves can be excluded. It is of interest to 
note that even moderate doses of NA cause a marked effect of this 
kind. Thus as long as the infused NA acts directly on the vascular 
wall, the blood pressure is increased and usually well maintained, 
while the inhibitory effect soon after the end of the infusion results 
in a long-lasting depression. It should be noted, however, that 
after moderate doses of NA the inhibitory effect is not a constant 
phenomenon although it often occurs during the prevailing experi- 
mental conditions. At any rate it may occur in animals which seem 
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to be in a good state, having a well maintained blood pressure and 
what appears to be an adequate spontaneous respiration. 

The reasons for the conspicuous alterations in the effect of 
noradrenaline infusion on the blood flow and blood pressure during 
reduced ventilation at present appear obscure. It seems pos- 
sible, however, that this effect may be partly due to acidosis, 
secondary to the oxygen lack, in addition to accumulation of 
carbon dioxide. It has been shown previously that dogs subjected 
to respiratory acidosis (30 % CO,) were refractory to pressor 
drugs (Pace and OtmstTep 1951, Hovuzz et al. 1957) (ef. also 
McDowa.t 1957, G6m6ri and TaxKAcs 1956). 

The striking discrepancy between the diminished blood pressure 
response to NA infusion during inadequate artificial ventilation 
and the very marked blood pressure response to carotid occlusion 
merits special consideration. Fig. 1 illustrates that the response to 
NA infusion and to carotid occlusion thus may be changed in 
opposite directions as a result of reduced ventilation. This is some- 
what surprising in view of the general assumption that the carotid 
occlusion effect on the blood pressure is mediated by the adrenergic 
neurotransmitter. If this is correct it must be assumed that the 
locally released transmitter acts differently from the circulating 
NA on the heart and the vessels during this particular condition, 
or that the vascular regions affected by the two kinds of stimuli 
are different. Another possibility would be that the outflow from 
the suprarenal glands: is greatly increased when the carotids are 
occluded during reduced ventilation. 

Whatever the cause of this apparent discrepancy between the 
effects of the endogenous transmitter and exogenous noradrenaline, 


' which was noted both at high and low systemic blood pressure 


levels, the diminished effect of NA must undoubtedly be of con- 
siderable practical importance when NA is given therapeutically 
during conditions of inadequate ventilation. Whether or not tissue 
hypoxia and hypercarbia, as a consequence of inadequate blood 
flow, may lead to the same failure of NA to exert its full effect 
on the circulatory system remains to be shown. It appears probable, 
however, judging from the experience of NA infusion therapy 
in some conditions of circulatory failure. 

If the results obtained in the present study can be applied to 
similar conditions in man, the practical implication will be that 
NA infusion as a means of raising an inadequate blood pressure, 
or improving an unsatisfactory blood flow, is less likely to be 
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effective during states of hypoxia or hypercarbia. On the other 
hand the effect of NA should be favourable as long as the respira- 
tory gas tensions in tissues and blood are normal. 


Summary. 


1. The blood flow through the hind part of the cat is greatly 
diminished during the secondary fall in blood pressure following 
infusions of NA of 1.6—2.2 yug/kg/min. 

2. During adequate ventilation infusion of NA is accompanied 
by a considerable rise in blood flow through the hind part of 
the cat. 

3. The rise in blood pressure during infusion of NA is strongly 
diminished during reduced artificial ventilation after curare or 
decamethonium. 

4. No change or a decrease in blood flow was observed during 
NA infusion during reduced ventilation. 

5. The rise in blood pressure due to carotid occlusion may be 


markedly increased during reduced ventilation although the | 


response to NA infusion is greatly diminished. 

6. Some practical implications for the therapeutic use of NA 
as a means of improving blood pressure and circulation are 
discussed. 


This work has been supported by a grant from the State Research Committee 
on Aviation and Naval Medicine. We wish to thank Mr. N.-A. Persson for skilled 
assistance. 
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Abstract. 


Epmay, K. A. P. The binding of zinc to glycerol-extracted 
rouscle, and its relaxing effect. Acta physiol. scand. 1959. 
46. 209—227. — The binding of zinc to glycerol-extracted 
rabbit psoas muscle has been correlated with the zine + 
ATP-induced relaxation. The minimum amount of zinc 
that must be absorbed by the glycerol-extracted fibres for 
complete isometric relaxation is about 3—4 mmoles per kg 
dry weight, which is close to the amount lost during glycerol- 
extraction. The extracted fibres are able to absorb zinc in 
great excess of the concentration necessary for complete 
relaxation. The pH-dependence of the contraction-inhi- 
biting effect of zinc and of the binding of zinc in high con- 
centrations to the muscle shows that groups with a pK- 
value of about 7, probably imidazole groups, are involved in 
both cases, The finding of an additive synergism between the 
effects of zinc and mersalyl suggests that also SH-groups 
may be involved in the functionally relevant coupling of 
zinc to the contractile element. 


14—593285. Acta physiol. scand. Vol. 46. 
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Earlier publications (EpMaNn 1958, 1959 a, 1959 b) have shown | pm 
that zinc in the presence of ATP! (or UTP or ITP) induces relaxa- | Th 
tion of glycerol-extracted muscle fibre bundles. The isometric | 22 
relaxation is completely reversible and is obtained even with low ; 
bath concentrations of zinc (0.0125 mM) and ATP (0.08 mM), sa 

Several earlier observations (EDMAN 1958, 1959 b) have demon- | ma 
strated that the relaxing effect is probably dependent upon an | In 
accumulation of zinc in the fibre proteins. It has therefore been | 9! 
the purpose of the present investigation to determine the concen- | 
tration of zinc within the extracted fibres at different concentra- | 4, 
tions of zinc in the medium. For comparison, the investigation, 1 
also includes determinations of zinc in fresh muscle. In order to | dot 
elucidate the point of attack of zinc in the contractile system the 
binding of zinc to the fibres has been studied at varied pH and | B. 
after blocking of SH-groups. Furthermore, the interaction of zinc 
and mercury on the contractility of the fibre bundles has been de- | 1 
termined in order to demonstrate whether or not the effects of zine | gly 
and mercury are additive. the 


Methods. Sol 


Rabbit psoas muscle was used. The glycerol-extraction was done ~~ 
according to an earlier description (EDMAN 1957). 

The qualities of the chemicals used were as follows: Chloral hydrate; | | i 
mersalyl and Verona! (diethylbarbituric acid) were according to Ph. 
8. XI. For analysis of the diethylbarbituric acid, see EpMan (1958). ging 
Tris(hydroxymethyl)aminomethane (disodium salt, Sigma) was puri- 7p( 
fied before use by triple recrystallization in borosilicate glass. ATP, tio, 
dibarium salt, Pabst lot. no. 129 (for analysis, see EpMAN 1958) was 8 
used. The rest of the chemicals used were of pro analysi quality. 


aml 

The pH-determinations were performed with a glass electrode. The | 
experiments were carried out at room temperature (20—22° C). If not | (Dg 
otherwise stated, the concentrations given correspond to the total con- | ¢ 


centration in the bath. In calculation of the concentrations of free | y 
magnesium, zinc and ATP, the same stability constants (log K) were y 
used as earlier (EDMAN 1959 a), viz. 4.00 for the MgATP complex and reag 


4.76 for the ZnATP compiex. was 
1x 
A. Contraction experiments. 
glas 


The technique for isometric recording with glycerol-extracted fibre © 7, 
bundles has been described (EpMAN 1957). The length of the fibre fia 


1 The following abbreviations will be used: ADP, adenosinediphosphate; ATP, | 
adenosinetriphosphate; EDTA, ethylenediamine tetraacetate; PCMB, p-chloromer- tubi 
curibenzoate; Tris, tris(hydroxymethyl)aminomethane. | plug 


EY 
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ye shown | bundles was 10 mm and the cross section 70—122 x 136—220 ym. 
3 relaxa- | The initial tension applied to the fibre bundles before contraction was 
92.2 mg. The deviation from strict isometry was < 0.2 % of the iength 
with low of the fibre bundles. 

The medium used was a potassium chloride solution with pH 7.30 
08 mM). containing 10 mM diethylbarbituric acid, 100 mM potassium and 1 mM 
> demon- | magnesium. Hereafter this solution will be called “veronal buffer”. 
upon an | In some experiments, where the pH was varied, a Tris-acetate buffer 
solution (FRIEDEN and ALBERTY 1955) with the following composi- 
cones tion was used: potassium chloride 100 mM, magnesium chloride 1 mM, 
| acetic acid 10 mM; Tris(hydroxymethyl)aminomethane was added to 
neentra- | the pH wanted. 
stigation , The water for washing and for preparation of the solutions was 
order to | double distilled in borosilicate glass. 


sometric 


ore been 


stem the 
pH and | B. Analysts of zinc, calcium and magnesium 
1 of zinc in muscle tissue. 
been de- | he determination of zinc, calcium and magnesium in fresh and in 
3 of zine | glycerol-extracted muscle tissue was carried out largely according to 

the method described by Hamm (1955). 

Solvents and reagents: 

Veronal and Tris-acetate buffers: the same as those described 

as done | above but without magnesium. The buffer solutions were analyzed 


»| quantitatively for zinc by means of microanalytical technique (page 
hydrate; | 413), 
3 to Ph. Zine chloride solution (used for incubation of muscle tissue in the 
(1958). zine uptake studies): 1 mM stock solution was prepared by dissolving 
as purl- ZnCl, in buffer solution (veronal or Tris-acetate). The zinc concentra- 
8. ATP, tion in the stock solution was checked by EDTA titration. 
58) waS Solutions of EDTA, chloral hydrate, potassium cyanide and ammonia- 
y. ammonium chloride were prepared according to Hamm (1955). 
de. The | Eriochrome black indicator: 1 percent solution of Eriochrome black 
). If not | (Tamm, Sweden) in diethanolamine (Hopkin & Williams, Ltd.). 
tal con- | Cation exchanger: Dowex 50, x 8, 50—100 mesh. 

of free | Hydrochloric acid: redistilled in borosilicate glass. 
K) were Water: The water for washing the vessels and for preparation of 
lex and reagents and standard solutions for analysis of metals in muscle tissue 
was distilled once and had a specific conductance of approximately 
1 x 10° ohm cm~. The water used in preparation of the veronal 
ag and the Tris-acetate buffer was double distilled in borosilicate 
>, i 
. a _ Ton-exchanger column: A glass tube 120 mm in length and with an 
internal diameter of 10 mm was sealed at one end to a capillary tube 

te; ATP, | Provided with a ground stopcock and at the other (upper) end to a 
loromer- | tubing 70 mm in length and with an internal diameter of 25 mm. A 
plug of firmly compressed borosilicate glass wool in the lower end of the 


| 
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tube served as support for the column. The resin was packed to a height 
of about 40 mm and protected by another plug of glass wool applied 
to the upper end of the column. Before being used the first time the 
column was washed with 6 M hydrochloric acid until no iron could be 
demonstrated in the eluate by extraction with thiocyanate-amylalcohol, 
i.e < 0.1 wg Fe***/ml. Finally, it was washed with distilled 
water. 

All vessels were rinsed with 6 M hydrochloride acid and then with 
distilled water before use. 

Titration: A 500 ul Agla syringe was used. The titration was done in 
an 8 cm high borosilicate glass vessel with a volume of 7 ml. The Agla 
syringe was fixed horizontally, and an angled steel cannula was mounted 
on the syringe with its tip below the fluid level in the titration vessel. 
The solution was stirred by means of a glass rod with a flattened and 
angled lower tip. 


The dry weight of the muscle material was determined by desicca- | 
tion at + 105°C for 24 hours, and the nitrogen content by means | 


of micro-Kjeldahl technique. 
Combustion of the muscle tissue was carried out in a muffle furnace 


at + 550° C for 4—5 hours. Open platinum dishes were used in this | 
procedure; these were placed in a covered quartz box in the furnace | 


during the combustion. 


The treatment of the ash, the separation on the cationic resin and | 


the complexometric titration of zinc and magnesium + calcium with 
EDTA were done according to the technique described by Hamm (1955). 
In the titration procedure the zinc was first masked with cyanide, 
whereafter calcium + magnesium was determined by EDTA titration 
at pH 10. After demasking of the zinc with chloral hydrate the titra- 
tion was continued for determination of zinc. For a complete demasking 


of zinc it proved necessary to add four times the amount of chloral | 
hydrate used by Hamm. Calcium was determined by means of a Beckman | 
DU flame photometer!. The magnesium concentration was computed | 


by subtracting the concentration of calcium from the total concentra- 
tion of calcium + magnesium. 

The analytical procedure was checked by applying definite quantities 
of zinc (6.18 mg and 0.168 mg) and calcium (2.00 mg and 0.24 mg) to 
the ion-exchanger column and analyzing the eluates as just described. 
The recovery was 100 +- 1 per cent in both cases, 


1. Analysis of fresh muscle. 


Psoas muscle from rabbit was used. Immediately after exsanguina- 
tion of the animal the psoas muscle, deprived of its fascia, was removed 
from the animal and was crushed to a pulp in an agate mortar. This 
was followed by determination of dry weight and nitrogen as well as 
zinc, calcium and magnesium. In each test 2.4—2.6 g fresh muscle 
pulp was used. 


1 Carried out by the Analytical Department of the University of Uppsala. 
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» a height | 2, Analysis of glycerol-extracted muscle. 


piss, pi Glycerol-extracted fibre bundles from rabbit psoas were thoroughly 
could be | ground to a pulp in buffer solution (veronal or Tris-acetate) in an agate 


mortar. After this treatment the muscle mass consisted of undifferen- 


gn tiated brei, single fibres and fragments of fibre bundles. The muscle 
tissue was then washed with buffer solution (approximately 25 g wet 
hen with | muscle pulp in 550 ml buffer solution) by gentle stirring for 15 min. 
Two such washings were carried out, followed by 30 minutes’ centrif- 
s done in | ugation (3,500 r. p. m.). The pulpified and washed muscle tissue was 


The Agla divided into approximately equal portions, which corresponded to 0.17 
—1.07 g dry weight in the different experiments. One portion was used 


a pi immediately for determination of zinc, calcium and magnesium; the 

ened and | rest was used for determination of the uptake of zinc by the muscle 
tissue as described under Results I 2, 3 and 4. 

desicca- Because of the great accumulation of zinc in the muscle tissue it was 

y means | necessary to use large volumes of bath solution in the experiments 

where the absorption of zinc to the muscle tissue was studied in order 

. furnace | to avoid a marked decrease in the zinc concentration in the bath during 


1 in this | the incubation. With concentrations of zinc in the bath of < 0.1 mM 
the volume was 4000 ml, with 0.2 mM zinc the volume was 2000 ml 


furnace 

i and with higher zinc concentrations 1000 ml. The bath solution was 
esin and | stirred gently with a glass rod. After incubation was completed (for 
um with | the incubation times, see Results), the bath solution was filtered off 


ut (1955). and the muscle pulp was kept for analysis. At the lowest zinc concentra- 
cyanide, tions (0.001 and 0.01 mM) zinc analysis was carried out on the bath 
titration | S0lutiom after finished incubation. In other cases the final zinc con- 
he titra. | centration in the bath solution was computed by subtracting the 
quantity of zinc taken up by the muscle tissue from the quantity in 


masking 

’ chloral | the bath before the incubation. 
}eckman 

miputed | Microanalysis of ‘zinc. 
ncentra- 


The determinations of zinc in the buffer solutions and in the bath 
iantities solutions used in certain of the zinc uptake experiments were performed 
| mg) to spectrophotometrically after dithizone-carbontetrachloride extraction 
scribed. of zinc according to SANDELL (1950)!. To prevent foaming during the 

extraction procedure, it was necessary to destroy the surface-active 

substances in the solution. Therefore, 10—30 ml of the solution was 

evaporated almost to dryness in a flask of quartz glass and then boiled 

for 2—3 min with 0.5 ml aqua regia. After addition of 1 ml hydroxyl- 
nguina- amine hydrochloride, the sample was diluted again to the desired volume. 
emoved | Before the extraction with dithizone, the pH was adjusted to 4.75 with 
ar. This | #2 acetate buffer solution; the addition of sodium thiosulphate was 
well as| mitted. 


muscle 


_* These analyses were carried out by the Analytical Department of the Univer- 
sala. sity of Uppsala. 
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Table I. 


Concentrations of zinc, calcium and magnesium in fresh and 
glycerol-extracted muscle tissue from rabbit psoas. 


Fresh rabbit psoas muscle Glycerol. 
Two samples from each of three animals extracted 
rabbit 
I II III Mean re 
between | 
the 3 Ten pre- 
animals | parations 
Zi 3.2 3.3 3.0 | 3.2401] 2.4+0 
Calciu 3.3 3.4 4.0} 3.6 +0.2] 6.4+0 
{ dry 3.4 3.4 4.2 aa 
tissue 
43.9 49.8 48.2 
75.93 76.39 75.78 
Water 75.91 76.40 75.85|76.05+0.17 
Percent | 75.88 76.40 75.92 
of dry 
tissue | 13.26 13.10 14.90 
Nitrogen 13.51 13.23 14.87|13.87+0.51) 13.6+0.2 
| 13.75 13.06 14.84 


The values to the left in the columns I—III represent single analyses, the 
italicized values to the right are means. 


Resuits. 


I. Analysis of zinc, caleium and magnesium in muscle tissue. 


The purpose of these investigations was to establish the normal 
concentration of zinc in fresh and in glycerol-extracted muscle 
and further to determine the ability of the extracted muscle 
tissue to bind zinc at varied zinc ion concentration in the medium, 
at varied pH and in the presence of blocked SH-groups. The studies 
also included analysis for calcium and magnesium. 


1. Analysis of fresh and glycerol-extracted 
muscle. 


Table I summarizes the results of analyses for zinc, calcium 
and magnesium in fresh muscle and glycerol-extracted, washed 
muscle tissue from rabbit psoas. 
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As may be seen, in fresh muscle the calcium concentration is 
and approximately equal to the zinc concentration, while the magne- 
| sium concentration is 15 times as high. According to Hamm (1955) 
fresh beef muscle contains 2.3 mmoles zinc, 4.9 mmoles calcium 


tlycerol 

xtracted and 40.6 mmoles magnesium per kg dry weight. Koga (1934) 
— reported 1.8 mmoles zinc per kg dry dog muscle, and Kocu, 
nuscle SmirH, SHimp and Connor (1956) 1.1 mmoles zine per kg wet 


‘en pre- human muscle, 7. e. about 4.4 mmoles per kg dry material. Ac- 
arations ‘cording to VALLEE and ALTSCHULE (1949) voluntary muscle 
of man and other vertebrates contains 50 mg zinc per kg 
2.4+04 | wet tissue, which corresponds to about 3 mmoles per kg dry 
weight. 

After the glycerol-treatment and washing of the muscle tissue 
with veronal buffer solution as described (Methods B, 2) the con- 
centration of zinc is only slightly lower than in the fresh muscle. 
ia The magnesium concentration is also lower in the extracted and 

| washed muscle, while the calcium concentration is higher than in 

— | the fresh muscle. 

In a comparison between the metal concentrations in fresh 
and glycerol-extracted muscle it must be kept in mind that the 
muscle tissue decreases in weight during the extraction. For 
instance, according to VarGa (1950), WEBER and PorTzEHL (1954) 
and HassELBAcH (1957), 20—30 percent of the protein content 
is lost. In the present investigation two experiments demonstrated 
a weight loss of 24 and 30 percent respectively. A 30 percent weight 
loss would imply that 53 percent of the zinc and 18 percent of 
the magnesium are retained in the fibres after the extraction, 
and that the calcium is increased by 24 percent. The increase in 
ormal calcium is surprising, since the calcium concentration in the ex- 
nuscle traction and washing solusions was only 0.0045 mM, and it is 
nuscle improbable that any calcium contamination occurred during the 
dium, § experiments. HassetBacu (1957) found that 85 percent of the 
tudies | calcium and 10 percent of the magnesium were retained in the 
insoluble structures when fresh homogenized muscle was ex- 
haustively treated with 100 mM potassium chloride so- 
lution. 

If a 30 percent weight loss is assumed, it follows from Table I 
that about 2 mmoles zinc must have been lost per kg dry glycerol- 
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Fig. 1. Binding of zinc to glycerol-extracted muscle 
tissue at pH 7.3. 


Medium: veronal buffer solution without magnesium; 
in certain experiments (©) Tris-acetate 
buffer solution was used instead. 


Incubation time: 60 min, excepting © (30 min) and ® (120 
min). 


Nitrogen concentration: 13.24 + 0.30 percent of dry muscle weight. 


Each symbol represents one experiment. 
Curve fitted by sight. Note that the abscissa 
has a logarithmic scale. 


2. Accumulation of zinc in the glycerol-extracted muscle with 
variation of the zinc concentration in the medium. 


As demonstrated earlier (EDMAN 1958, 1959 b) the contraction- 
inhibiting and relaxing effect of zinc is probably due to an accu- 
mulation of zinc in the glycerol-extracted muscle fibres. It is 
therefore of interest ot determine the capacity of the glycerol- 
extracted muscle tissue to bind zinc when the zinc ion concentra- 
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tion in the medium is varied. Fig. 1 illustrates the results of such 
an investigation. The medium consisted of veronal buffer solution 
without magnesium, and the zinc concentration was varied over 
a wide range (0.001—1 mM). 

The incubation time for the muscle tissue in the zinc solution 
was varied between 30, 60 and 120 min in the experiments with 
0.1 mM zinc in the bath. Thirty minutes’ incubation proved 
sufficient to permit maximum uptake of zinc into the muscle 
tissue. An incubation time of 60 min was used with the rest of 
the zinc concentrations in order to ensure that equilibrium was 
reached between the homogenized muscle tissue and the bath 
with respect to zinc. Some experiments (0.025 mM zinc) were 
performed with Tris-acetate buffer solution (without magnesium) 
as medium. The results of these experiments did not deviate 
notably from the results obtained when the medium was buffered 
with veronal. According to NgeuratH (1955) both veronal and 
Tris have only a slight capacity for zinc-complexing and are there- 
fore both suitable for use as buffers in experiments of the type 
described here. 

It is clearly evident from Fig. 1 that zinc has a great affinity 
for the fibre proteins. With 0.001 mM zinc in the bath the con- 
centration in the muscle tissue is about 5 mmoles per kg dry 
weight as opposed to 2.4 mmoles before the incubation (Table [). 
With as high as 1 mM zinc concentration in the medium the muscle 
tissue is still unsaturated with zinc. Higher concentrations could not 
be studied without exceeding the solubility product for Zn(OH),. 

As shown in an earlier publication (EDMAN 1959 b), 0.0025 mM 
free zinc ion concentration in the bath is necessary for complete 
isometric relaxation of glycerol-extracted fibres in the presence 
of ATP. According to Fig. 1, this free zinc ion concentration 
corresponds to about 6 mmoles zinc per kg dry fibre weight on 
condition that the uptake of zinc by the fibres is not changed by 
the presence of ATP. Evidently, the muscle fibres are able to 
accumulate zinc in concentrations far exceeding the threshold con- 
centration needed for total relaxing effect. 


3. Binding of zinc to the muscle tissue after blocking 
of the sulfhydryl groups. 


The medium consisted of Tris-acetate buffer solution with a 
pH of 7.3. p-chloromercuribenzoate (PCMB) in two different con- 
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Table II. 


Effect of SH-blocking with p-chloromercuribenzoate (PCM B) 
on the binding of zinc to glycerol-extracted muscle tissue. 


Series of Concentration of zinc in glycerol-extracted rabbit Nitrogen 
sxperiments | psoas muscle (mmoles Zn/kg dry weight) after concentra- 
equilibration with 0.025 mM zinc in the bath tion (per- 
cent of 
Controls with- Pretreatment Pretreatment | dry 
out PCMB with 1 mM with 3 mM muscle 
PCMB PCMB weight) 
16.7 15.5 
16.7 16.7 
16.6 17.8 
12.76 
.6 18.9 
19.8 17.2 
22.4 20.2 
21.8 20.1 if 13.12 
21.1 19.9 


The values to the left in the columns correspond to single experiments, the 
italicized values to the right are means. 


Series I and II: PCMB omitted in bath after pretreatment. 
Series III: PCMB (1 mM) in bath also during incubation with zinc. 


centrations, 1 mM and 3 mM, was used as SH-blocking agent. 
The muscle tissue (0.2000—0.3052 g dry weight) was first in- 
cubated in PCMB solution (1000 ml) for 60 min and thereafter 
in a bath consisting of 0.025 mM zinc (4000 mi) for 60 min (Table 
II, series I and II). In two experiments (Table II, series III) 
the zinc solution also contained PCMB in the same concentration 
that had been used in the pretreatment with PCMB. Control 
experiments were carried out in parallel, with the same prepara- 
tion of the muscle tissue but in the absence of PCMB. The molar 
amounts of PCMB used were in great excess of the accessible 
sulfhydryl groups, amounting to 0.07 mmoles per g dry muscle 
weight (BENNETT and Warts 1958). Since the affinity of mercury 
for the SH-groups is considerably greater than that of zinc (GURD 
and Witcox 1956) it is probable that even with the low PCMB 
concentration there was a great excess of PCMB beyond that 
necessary to prevent zinc, in the concentration investigated, from 
combining with SH-groups. 

As shown in Table II, the treatment with PCMB does not 
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70 


ZINC IN MUSCLE PULP 
(mmoles /kg dry weight) 


o 
T 


i i 
55 6,0 65 7,0 7,5 80 
pH OF BATH 


Fig. 2. pH-dependence of binding of 0.2 mM zinc to 
glycerol-extracted muscle tissue. 


Medium: Tris-acetate buffer solution without mag- 
nesium; 
@: 10 mM acetate concentration. 
4: 30 mM acetate concentration. 


Mean values: O. 
Incubation time: 60 min. 
Nitrogen concentration: 13.71 + 0.14 percent of dry muscle weight. 


cause any distinct change in the uptake of zine by glycerol-ex- 
tracted fibres. This means that the main part of the zinc present 
can combine with other groups in the protein than the SH-groups. 
It should be noted that the concentrations of zinc in the fibre 
tissve in these experiments were only 3 times higher than the 
threshold concentration for complete isometric relaxation (see 
page 217). 


4. pH-dependence of the binding of zinc 
to muscle tissue. 


Fig. 2 shows the binding of zinc to glycerol-extracted muscle 
tissue with variation of the pH in the bath from 5.5 to 8.0. The 
Tris-acetate buffer solution without magnesium was used as 
medium. The pH was determined by glass electrode in the begin- 
ning and at the end of the incubation of the muscle tissue. The 
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total concentration of zinc in the bath was 0.2 mM, and the muscle 
pulp was incubated in the zinc solution for 60 min. 

In addition to the ordinary buffer concentration a concentra- 
tion three times as high (30 mM acetate) was used in order to 
determine whether complexing of zinc with Tris and acetate 
noticeably influenced the binding of zinc to the muscle protein. 
As shown in Fig. 2, there is no significant difference between 
the values obtained with the two buffer concentrations used. The 
pH-dependence curve is S-shaped with inflexion at about pH 7. 
The shape of the curve is compatible with coupling of the zinc 
ions to imidazole groups in the protein (see Discussion). 


II. Contraction experiments. 


1. pH-dependence of the contraction-inhiliting effect 
of zinc. 


It is of interest to know if the contraction-inhibiting effect of 
zinc is dependent on pH as is the binding of zinc to the glycerol- 
extracted fibres just demonstrated. The experiments were per- 
fcrmed in two different ways: 1. determination of the contraction- 
inhibiting effect of a definite zinc concentration at varied pH in 
the medium; 2. determination of the zinc concentration necessary 
for a definite inhibition of the contraction at varied pH. The 
Tris-acetate buffer solution, containing 1 mM magnesium, was 
used as medium. The fibre bundles were pretreated with zinc for 
one hour before the start of the contraction; the zinc concentra- 
tion during the pretreatment was the same as the total concentra- 
tion of zinc present in the bath during the contraction. The con- 
traction was induced by 0.4 mM ATP. The tension 5 min after 
the start was used as final tension, since a practically constant 
level had then been attained. 

Fig. 3 shows the contraction-inhibiting effect of 0.0125 mM 
zinc on the isometric contraction of glycerol-extracted fibre 
bundles at varied pH in the bath. With the zinc concentration 
used the final isometric tension was inhibited by about 60 per cent 
at pH 8.0. As is seen, the inhibiting effect decreases with a decrease 
in pH; no inhibition of the contraction could be demonstrated 
when the pH was decreased to 7.5. 

In the following experiments the concentration of zinc in the 
bath was selected so that a definite and almost complete inhibi- 
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i=] a 


INHIBITION OF FINAL 
TENSION (% CONTROL) 


7.0 7.5 8.0 
pH OF BATH 


Fig. 3. pH-dependence of the inhibiting effect of 0.0125 
mM zine on the final tension in isometric contraction. 
Medium: Tris-acetate buffer solution containing 1 mM magnesium. 


Contraction induced by 0.4 mM ATP. Each symbol repre- 
sents the mean effect obtained with 4 tests and 4 controls. 
The standard error of the means is indicated with a bar. 


tion of the final tension was attained at varied pH within the 
pH-range 6.0—8.0. The total concentrations of ATP (0.4 mM) 
and magnesium (1 mM) were kept constant. The concentration 
of free magnesium’ varied between 0.68 and 0.88 mM in the dif- 
ferent experiments, the concentration of free ATP between 0.014 
and 0.048 mM. The suitable zinc concentration at the respective 
pH was first tested out preliminarily and then verified by 4 
pairs of experiments; each pair consisted of one test (with zinc) 
and one control (without zinc). The inhibiting effect of zinc at 
the different pH-levels studied was 97 + 0.3 percent of the final 
tension. The results are summarized in Fig. 4. As is seen, the zinc 
needed in the bath for reaching a definite effect, and consequently 
a definite concentration of zinc bound to functionally important 
sites, decreases with increasing pH; the pH-dependence curve has 
the form of a reversed S with inflexion at about pH 6.7. Within 
the concentration range of free zinc existing in the different ex- 
periments the uptake of zinc by the fibres is roughly linear with the 


1 For the stability constants of the zinc and magnesium complexes of ATP, see 
Methods. As is evident from the titration measurements of MARTELL and Scuwar- 
ZENBACH (1956), and Werrzet and Spreur (1958), the stability constants may be 
used unchanged over the pH-interval 6—8. 
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Fig. 4. Relation between pH of the bath and the con- 
centration of free zinc necessary for 97 + 0.3 percent in- 

hibition of the final isometric tension. 
Medium: Tris-acetate buffer solution containing 1 mM magnesium. 


Contraction induced by 0.4 mM ATP. Each symbol rep- 
resents 4 tests and 4 controls. 


concentration of zinc ions in the bath, as may be deduced from the 
values in Fig. 1. Therefore, the pH-dependence curve in Fig. 4 
approximately illustrates the inverse pH-dependence of the coup- 
ling of zine to functional sites in the fibre protein. Thus, it is 
evident that the same kind of pH-dependence exists for the func- 
tionally relevant binding of zinc as was demonstrated in the zinc 
uptake studies where zinc was bound to the fibres in great excess. 
According to Fig. 4, the pK-value of the functionally important 
groups involved in the coupling of zinc to the fibre protein is 
approximately 6.7. The results will be further discussed later. 


2. Additive effects of zinc and mercury. 


As demonstrated earlier (PorTzEHL 1952: mersalyl; EDMAN 
1958: HgCl,), mercury causes relaxation of glycerol-extracted 
muscle fibres in the presence of ATP. The following experiments 
were performed for the purpose of investigating whether the con- 
traction-inhibiting effects of mercury and zinc are additive. 

The veronal buffer solution (pH 7.3), containing 1 mM mag- 
nesium, was used as medium. The fibre bundles were pretreated 
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zine + Yzne+ + 
Ymersarv. | | AMERSALYL 
20 | 
w 10} 


| 


¢ 6 


TEST SUBSTANCE 


Fig. 5. Additive effects of zinc and mersalyl on the 
contractility of glycerol-extracted fibre bundles. 


Ordinate: tension in mg per 100 y fibre bundle circumference. 
Medium: veronal buffer solution containing 1 mM magnesium. 


Contraction induced by 0.4 mM ATP in the presence of: 

: 0.025 mM (= full conc.) zinc, 

: 0.022 mM (= full conc.) mersalyl, 

: partial concentration (1/,, or */,) of zinc + partial 
concentration (*/,, or of mersalyl, 

: partial concentration of zinc alone, 

: partial concentration of mersaly! alone. 
Each symbol represents the mean of 3 experiments. 


The standard error of the means is indicated with a 
bar if exceeding the size of the symbols. 


Oro 


> 


with the metal (in the same concentration as used during the 
contraction) for one hour before the start of the experiment. 
Contraction was induced by changing to a solution of the metal 
+0.4mM ATP and was recorded for 5 min, after which constant 
tension had practically been reached. The concentrations of zinc 
alone (0.025 mM) and mersalyl alone (0.022 mM) were selected so 
that about the same, low final tension was obtained, corresponding 
to an almost complete inhibition of the contraction.’ With these 


+ With 0.025 mM zinc some of the inititial tension of the fibre bundle disap- 
peared immediately after the addition of ATP. Thereafter the bundle contracted 
and finally reached a level that exceeded the initial tension. This difference in 
effect at the beginning and at the end of contraction was probably due to the fact 
that the zine concentration in the fibres decreased during the contraction course 
because of complex formation between zinc and ATP in the medium (EDMAN 1958). 
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“full” concentrations of zinc and mersalyl as point of departure 
the tension was then recorded in the presence of zinc and mersaly] 
in the following combinations: 1/,, */, and */, concentration of 
zinc with, respectively, */,, 1/, and 4/, concentration of mersalyl, 
The tension with zinc and mersalyl individually in the aforemen- 
tioned partial concentrations was also recorded. The investiga- 
tion was carried out in series of experiments arranged as follows; 
1. zine, full concentration; 2. zinc, partial concentration; 3. mer- 
salyl, full concentration; 4. mersalyl, partial concentration; 5. zine, 
partial concentration + mersalyl, partial concentration. The differ- 
ent experiments in each such series were carried out in immediate 
succession and with fibre bundles prepared from the same original 
bundle. 

With the combinations used in these experiments the relation 


between total zinc and free zinc was kept practically constant, } 
deviating only between 4.01 and 3.86. If mersalyl is bound to | 


ATP, the percentage of free mersalyl would similarly be constant 


at the different total concentrations of mersalyl that were used 


due to the relatively high ATP concentration. 

The results are summarized in Fig. 5. With all three combina- 
tions of mersalyl and zinc, as may be seen, the final tension was 
of the same magnitude as when only zinc or only mersalyl were 
used in full concentrations. It is therefore probable that the 
contraction-inhibiting effects of zinc and mersalyl are additive. 
This implies that zinc and mersalyl probably act on the same 
sites in the contractile system. 


Discussion. 


The binding of metal ions to proteins has been comprehen- 
sively treated in recent reviews by Kiotz (1953) and Gurp and 
Witcox (1956), and, concerning the binding of zinc in particular, 
in a review by WerrzEt (1956). The problem is complicated. How- 
ever, many observations have shown that imidazole groups and 
probably also SH-groups are important as ligands for the zine 
ion. 


The pH-dependence demonstrated for the binding of zinc to | 


the glycerol-extracted fibres shows that groups in the fibre pro- 
teins with a pK-value of about 7 are involved. This is consistent 
with coupling of zinc to imidazole groups, the pK-value of which 
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is about 7 at the experimental conditions used here (KirBy and 
NzvBERGER 1938; TanrorpD and WaGNER 1953; EpsaLL, FELSEN- 
FELD, GOODMAN and Gurp 1954). For technical reasons higher 
concentrations of zinc had to be used in these pH-dependence 
studies than the threshold concentration of zinc necessary for 
full contraction-inhibiting effect. Therefore, the functionally re- 
levant fraction of the zinc might have been swamped. However, 
the same pH-dependence (with inflexion at pH 7) was obtained 


- even for the contraction-inhibiting effect of zinc. Hence, if one 


assumes that the functionally important site of binding of zinc 
is built up of nothing but common amino acids, it would seem 
that an imidazole side chain is an important part of it. A similar 
effect of pH has been demonstrated for the interaction of zine 
with enolase (MatmstR6mM and WEsTLUND 1956) and yeast- 
invertase (MyRBAcCK and WILLSTAEDT 1958). 

There is no definite evidence for involvement of SH-groups in 
the contraction-inhibiting effect of zinc. However, the fact that 
additive synergism exists between zinc and mersalyl makes it 
conceivable that SH-groups also partake in the functionally im- 
portant binding of zinc. As pointed out earlier, the additive 
synergism implies that zinc and mersalyl probably act on the 
same sites in the protein. In view of the high affinity of mercury 
for the SH-groups as demonstrated with small molecules (Stricks, 
KottHorr and Hrynprickx 1954), it therefore seems reasonable 
that SH-groups are involved in the functionally relevant coupling 
of mersalyl and, consequently, also in the functionally relevant 
coupling of zinc to the contractile protein. However, mercury 
must not necessarily be assumed to react with sulfhydryl groups, 
since a specific binding of mercury to protein molecules may occur 
without presence of any cystein, as demonstrated for enolase 
(Warpure and CurisTIAN 1942, MALMsTROM, KIMMEL and SMITH 
1959) and myoglobin (KENDREW 1958; KenpREw, Bopo, Drntzis, 
Parrish, Wyckorr and Puriirps 1958). In any case, the pH- 
dependence demonstrated for the contraction-inhibiting effect of 


ind | zine is not compatible with a simple SH-blockade. Thus, if SH- 
he zinc | 


groups at all partake in the functionally important binding of 
zine to the contractile protein, other groups, probably cannon, 
must also be involved. 

In glycerol-extracted fibres the minimum concentration of zinc 
necessary for complete relaxation is about 6 mmoles per kg dry 
weight (at 0.0025 mM free zinc ion concentration in the medium), 

15— 593285. Acta physiol. scand. Vol. 46. 
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i. ¢. about 3—4 mmoles per kg must be absorbed in addition to 
the zinc concentration originally present in the glycerol-extracted 
fibres. It is probable that only a fraction of this inc is effective, 
since, among other things, some zinc is probably bound to non- 
contractile structures constituting about */; of the fibre weight 
1957, and PorTzEHL 1954). The physiolog- 
ical concentration of zinc in skeletal muscle is relatively high, 
about 3 mmoles per kg dry weight. It is similarly probable that 
only a fraction of this zinc plays a part in the contractile process, 
However, it is interesting to note that the amount of zinc that 
must be taken up by the glycerol-extracted fibres for complete 
relaxing effect is close to the amount (about 2 mmoles per kg 
dry weight) lost during the extraction. 
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Abstract. 


JOHANSEN, Ky. and J. Kroc. Polarographic determi- 
nation of intravascular oxygen tensions in vivo. Acta physvol. 
scand. 1959. 46. 228—233. — The polarographic method for 
determination of tissue oxygen tension in vivo is discussed. 
Data concerning construction and characteristics of a teflon 
covered, catheter mounted oxygen electrode is reported. 


There has lately been a good deal of interest in the use of 
polarographic methods for determination of oxygen tensions in 
various tissues. 

However, most investigators have experienced difficulties in 
obtaining a stable enough electrode assembly allowing a continuous 
recording of oxygen tension in vivo. 

We have, in conjunction with studies of the regional blood flow 
during local hypothermia, developed a teflon covered polarograph 
electrode for intravascular oxygen tension measurements which 
we have found satisfactory. Since most investigators still seem to 
have considerable difficulties with the practical applications of 
the polarographic method, we feel that it might be of some general 
interest to give a short report of our findings and methods. 
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Silver tube 
Poly ethylen ring 
Glass 


Woven catheter 


Teflon membrane 


Platinum wire 


Filter paper 


Fig. 1. Construction of catheter electrode for continuous measurement 
of intravascular oxygen tensions in vivo. 


Construction of Electrode. 


Fig. 1 shows the electrode which we have constructed and used 
in conjunction with intravascular oxygen tension determinations 
in the last years (KRoG and JOHANSEN 1958). The electrode is a 
combined silver-silver chloride platinum electrode which is covered 
with a thin membrane of teflon. 

Teflon is a tetrafluorethylen plastic which is very resistent to 
acids and can be heated above 300° C before it is destroyed. It 
is therefore possible to dry sterilize the material. Moreover, it is 
very permeable to oxygen. Clowes (1958) registered an oxygen 
permeability of 16.7 ml O,/m?/min for a membrane 0.001 inches 
thick as compared to 7.6 ml O,/m?/min through a polyethylene 


' membrane of the sarhe thickness. The membrane is hydrophobic 


and therefore little subjected to adhesion of tissue proteins. The 
electrode shown in Fig. 1 is mounted in a heart catheter of ap- 
proximately 1'/, mm in diameter. Such an assembly can easily be 
inserted into the larger blood vessels. The thin teflon membrane 
acts as a constant diffusion barrier to the oxygen in the outside 
media. 

Fig. 2 shows a current voltage curve obtained with one of our 
electrodes with a plateau from 0.4 to 0.8 volt. 

The described construction is advantageous in many ways. One 
of the most important features is that a relatively constant diffu- 
sion barrier to the oxygen in the surrounding media is facilitated. 
Contamination from tissue fluids is greatly diminished and a more 
stable electrode is obtained. Another advantage of this type of 
electrode is its ease of calibration which can be readily made before 
and after use, either in blood or saline by means of gas mixtures 
of known composition. (Fig. 3.) 
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Fig. 2. Current voltage curve obtained with teflon covered 
combined silver platinum electrode in air. 


CALIBRATION TEST 


GALV DEFLECTION 


TIME IN MINUTES 


Fiz. 3. Calibration curve obtained in physiological saline 
with teflon covered catheter electrode. 


Operation Characteristics. 


The catheter electrodes have been used extensively in conjunc- 
tion with experiments on dogs and applied both in the aorta 
and in the vena cava. Oxygen determinations from the blood 
stream of the experimental animal have been obtained simulta- 
neously with graded variations in the composition of the res- 
piratory gases. (Fig. 4.) 
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Starts breathing air | 


Starts breathing oxygen | 
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Galv. deflection arbitrary units 


oc 
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Fig. 4. Upper tracing: Polarographic oxygen recordings from aorta of a dog, 
breathing alternately air and oxygen. 


Lower tracing: Polarographic oxygen recordings in saline, the gas tension 
of which has been altered between that of air and ox ygen 


The same electrode was used in both curves. 


Fig. 4 shows recordings from a polarographic oxygen determina- 
tion in the aorta of a dog when the oxygen tension in the respira- 


_ tory gases was varied between 20 °%{—100 % oxygen. The lower 


tracing in the figure shows the calibration curve obtained in saline 
at the same temperature as that of the blood, approximately 
37° C. 

Fig. 5 presents the results of a stability test. This particular 
investigation lasted for three hours. The total drift was found 
to be about + 1'/, % including drift possibly due to temperature 
variations. The amplifications used may, without distortions to 
the tracings, be increased as much as 5 times above that which 
was utilized for the curves presented in the figures. This means 
that for an oxygen tension variation of 600 mm Hg one will be 
able to obtain a deflection on the graph of 150 mm, thus 1 mm 
on the scale would correspond to an oxygen tension of 4 mm 
Hg. Considering the drift, one should thereby be able to measure 
oxygen tension variations with an accuracy of about 6 mm 


Hg. 
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Fig. 5. Tracings obtai 
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ned from a stability test of the catheter electrode described 


above. Upper curves obtained before and lower curves obtained after intravascular 
oxygen determinations lasting three hours. 


mm Hg 
760 
Pos 2 


Shunt opened 


Shunt closed 
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Fig. 6. Upper tracing: Polarographic determination of oxygen tension variations 


in vena cava with opened and closed arteriovenous shunt 
between the femoral artery and vein. 


Lower tracing: Polarographic oxygen recordings in saline, the gas tension 


of which has been altered between that of air and pure 
oxygen. 


The same electrode was used for both curves. 
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Application. 


In Fig. 6 an application of our electrode is demonstrated. The 
tracing indicates the variation in oxygen tension in the vena cava 
of a dog when an artificial shunt between the femoral artery and 
vein is alternately opened and closed. It may be seen that varia- 
tions in the oxygen tension resulting from shunting of arterial 
blood over to the venous side can easily be detected centrally in 
the vena cava. In this connection it may also be mentioned that 
the method has been found sensitive enough for the localization 
of the place of entrance of the renal vein, which carries blood with 
a somewhat higher oxygen tension than that which is found in 
the rest of the vena cava. Fig. 6 also indicates one of the more 
practical applications of the method, namely the detection and 
localization of arteriovenous shunts in the vascular system. As 
other possible uses, can be mentioned registration of oxygen con- 
sumption of different organs in situ, cardiopulmonar function 
studies and investigations on the effects of vasoactive drugs. 


Conclusion. 


The polarographic method for oxygen determination in vivo 
seems to open great possibilities in connection with investigations 
where it is of importance to follow continuously the oxygen ten- 
sion variations in different organs and tissue areas in the organism. 
The method may thereby be a valuable aid in solving fundamental 
problems in physiology which hitherto have defied the attacks 
of the investigators, due to lack of satisfactory methods. 


References. 


CLowss, G. A, H., Jr. and W. E. Nevitie, The Membrane Oxygenator. Extra- 
corporeal Circulation. Charles C. Thomas Publ. Springfield. III. 1958. pp. 83. 

Krog, J. and K. JoHansEn, Construction and Characteristics of Teflon Covered 
Polarographic Electrode for Intravascular Oxygen Determination. Accepted for 
publication in Rev. Sci. Instr. Feb. 1959. 


| 
| 
= 
| 
| 


Acta physiol. scand. 1959. 46. 234—239. 


From the Institute of Zoophysiology, University of Oslo, Norway. 


‘Depression of Metabolism in the Duck 


during Experimental Diving. sm 
Tal 
By | Ir 
HARALD T. ANDERSEN.! an 
Received 18 January 1959. | rts 

the 
ca] 
Abstract. co! 
ANDERSEN, H. T. Depression of metabolism in the | Fo 
duck during experimental diving. Acta physiol. scand. 1959. to 
46. 234—239. — Diving metabolism has been studied in the in 
domestic duck. The oxygen consumption from the lung air wa 
decreased very markedly, and the total consumption of of 


oxygen as calculated from all stores was only some 20 % 
of the pre-dive level. The body temperature also dropped : 
steadily in spite of an increased thermal insulation, due to ins 
peripheral vasoconstriction. It is concluded that the energy 

metabolism is greatly depressed during a quiet dive. 


When mammals and birds dive they generally exhibit a series 
of physiological adjustments among which the following are | yy 
conspicuous: The heart rate slows down in spite of muscular diy 
activity. The concentration of lactic acid in the blood increases | whi 


little or not at all during diving, but rises steeply in the muscles, clos 
indicating that the muscular circulation is largely suspended when | 7” 
the animal is submerged. Likewise'there is a marked vasoconstric- | jy 
tion in the flippers when the seal dives. | 100 

In some diving animals, such as seals, porpoises and ducks, T 


the oxygen stores are markedly insufficient to maintain full oxy- 
gen consumption during submergence. As these animals commonly thr 
suffer a fall in body temperature during diving and also show 8 | the 
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Fig. 1. Duck fastened to the board. 


small excess intake of oxygen after a dive, a lowered metabolic 
rate during submergence is strongly indicated (ScHOLANDER 1940, 
Irvinc, SCHOLANDER and GRINNELL 1942, ScHoLANDER, IRVING 


| and GRINNELL 1942 a). 


Most of the information available on the metabolic response 
to prolonged diving has been derived from experiments in which 
the animal was totally submerged. Because of the great cooling 
capacity of water, the thermal effects of the variations in tissue 
conductance which takes place during diving will become large. 
For an estimation of the heat budget, it is therefore an advantage 
to expose a minimum of the body surface to water. In the present 
investigation the duck was kept out of water, and only the head 
was submerged in order to induce conditions of diving. Estimates 
of the energy metabolism during diving have been obtained by 


| simultaneous measurements of body temperatures and the thermal 
| insulation of tissue. 


Methods. 


Diving experiments were performed on five domestic ducks weighing 
from 1.6 to 2.2 kg. They were fastened to a board with their necks 
extended (Fig. 1). In order to determine the oxygen consumption before 
diving, the animals were connected to a spirometer by means of a mask 
which fitted air-tight over the beak. The system was arranged as a 
closed circuit, and included air pump, flow meter and carbon dioxide 
absorber. 

Apnoea was accomplished with a minimum of thermal disturbance 
by tilting the board so that only the head was submerged in water of 
room temperature. 

To obtain samples of lung air during diving, the trachea was 
cannulated below the glottis, and a plastic tube, i.d. 2 mm, was in- 
serted 10—12 cm. At suitable intervals, 10 ml of gas were withdrawn 
through the tube into a recipient filled with mercury and returned to 
the bird. After 3—4 such washings, a sample of 2 ml was taken and 
analyzed for oxygen and carbon Cioxide in the 0.5 ml analyzer (Scxo- 
LANDER 1947). 
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Fig. 2. Points show oxygen depletion from lung air when head of duck was sub- 
merged, data from 9 experiments. 


Columns show the rate of oxygen consumption as calculated from the estimated 

volume of diving air, and from the average decrease in oxygen concentration per 

minute. The total oxygen consumption calculated from all stores would be approxi- 
mately 25 % larger. 


Deep body temperature was obtained by means of a thermometer 
inserted through the cloacum to a depth of 7 cm. Cloacal temperature 
was taken with a thermometer inserted 3 cm. The temperature of the 
thigh and the wing musculature were measured with thermocouples 
threaded through the tissue. 

The thermal insulation of the muscles before, during and after diving 
was estimated using a hot wire technique: A thermocouple and an 0.5 
em long resistance wire provided with copper leads, were insulated 
from each other and twisted together so that the thermocouple junction 
could be locally heated by the resistance wire. This unit was threaded 
through the thigh muscles. Before the animal was submerged, the 
current through the hot wire was adjusted to cause a local temperature 
increase of 1° C when left on for 15 sec. The various heating values 
observed before, during and after diving relate to the circulatory heat 
dissipation and were compared with the heating obtained when the 
circulation was completely blocked by means of a tourniquet around 
the thigh proximal to the wires. 

The heart rate was recorded by means of an electrocardiograph. 


Results. 


Oxygen consumption during the dive. The oxygen content of the 
lung air diminished at a rapid rate during the first minutes after 
the head was submerged, one-half of the oxygen being consumed 
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Fig. 3. Central and peripheral body temperatures recorded from a duck before, 
during and after submergence of head. 


within 3 min (Fig. 2). As the volume of nitrogen in the lungs does 
not change appreciably during diving, the oxygen consumption 
from the lung air can be computed from the gas components 
and the volume of air in the lungs during the submersion. The 
latter may be taken as close to 300 ml or 60 ml O, (RicnET 1899, 
Vos 1934). It may be seen from Fig. 2 that the oxygen consump- 
tion from this source alone can hardly have been more than 0.6— 
0.4 ml per min toward the end of the dive, which is only about 
2 % of the rate of the total oxygen consumption before the dive. 

Body temperature.’The animal commonly shivered and fluffed 
up the feathers during the recovery period after the head had 
been submerged for 10—15 min. During the dive the temperatures 
of the thigh and wing musculature dropped by about 1° C, and 
the cloacal temperature fell slightly less (Fig. 3). In contrast, 
there was usually a slight rise in the abdominal temperature. 

In the first minutes of the recovery all temperatures fell by 
about 1.5° C. The deep body temperature went back to normal 
in about 30 min, while the rest of the body remained cool for 
more than two hours. 

Heart rate. Before the dive the heart rate was about 110 beats 
per min, but when the head was submerged it slowed down 
gradually to about 20 beats or less after 3 min. 

Thermal insulation during diving. The thermal insulation of the 
thigh muscles of the duck before, during and after diving may 
be inferred from measurements given in Fig. 4. It will be seen 
that the heating afforded by the hot wire during the last part 
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Fig. 4. Temperature and thermal insulation of a duck before, during and after 
submergence of head. 


Lower line: Temperature of thigh musculature as indicated by unheated thermo- 
couple. 

Middle line: Temperature level obtained when the thermocouple was heated by 
a constant current. In the last panel marked “stasis”. the circulation 
was blocked by a tourniquet, resulting in maximal heating. 

Upper line: Maximal heating of tissue when circulation is stopped. It is here 
assumed that the temperature-rise produced by stasis would be 
the same in all phases of the experiment. The distance between the 
upper and middle line accordingly indicates the degree of circulation. 
It will be seen that toward the end of the dive, the heat dissipation 
from the muscles is almost as low as that of stasis. 


of the dive was almost as high as that recorded when the circula- 
tion was completely blocked by means of a tourniquet (”’stasis”). 
These results were duplicated in two repeated experiments, and 
they show that the thermal conductivity of this tissue decreases 


~ 


very markedly during diving, no doubt as a result of peripheral ' 


vasoconstriction. 
Discussion. 


The domestic ducks used for these experiments quietly endured 
an apnoea lasting for 15 min. The oxygen available in this time 
is mainly derived from the lung air and the blood. According to 


determinations by Ricuet (1899) and Wasrt and Lzrner (1931), } 


the oxygen content of these stores amounts to only some 80 ml / 


in a 2 kg duck, which is less than */, of the oxygen required during 
15 min of air-breathing. The rate of oxygen consumption from 
the lung air diminished greatly during diving, and parallels 4 
similar loss of oxygen from the blood. The oxygen stores in the 
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myoglobin are very likely used up during the first few minutes 
of the dive as demonstrated in the seal (ScHOLANDER et al. 1942 b). 

ScHOLANDER (1940) showed that the oxygen debt of a duck 
after a quiet dive was often less than 30 °%, of the oxygen required 


- to cover the energy metabolism had this remained at the pre-dive 


level, which seemed to indicate a depressed metabolic rate during 
diving. This interpretation is supported by our measurements of 
the body temperatures and thermal insulation, for it was shown 
that the animals cooled off steadily when the head was submerged 
(Fig. 3), and that this took place in spite of a reduced tissue 
conductance (Fig. 4). The peripheral slow-down of circulation 
causes a conservation of heat in the central part of the body 
and explains the slight increase of the abdominal temperature 
(Fig. 3). In the recovery the increased blood flow distributes the 
small amount of heat produced during the dive to all parts of the 
body, and there is a consequent general fall in temperature in 
spite of improved feather insulation. Together these facts can 
only mean reduced heat production during submergence. 

According to these findings, it is concluded that the anaerobic 
processes during submergence of the head did not compensate 
for the depressed aerobic metabolism, but left the total energy 
metabolism lowered. 


I am greatly indebted to Professor P. F. SoHoLanpsr for inspiring help during 
all stages of this investigation. I also wish to acknowledge the invaluable co- 
operation from all members of the staff of the Institute of Zoophysiology. 
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Abstract. 


ANDERSEN, H. T. A note on the composition of alveolar 
air in the diving duck. Acta physiol. scand. 1959. 46. 240—- 
243. — The oxygen-carbon dioxide diagram obtained in two 
successive dives performed by domestic ducks are different 
in shape, the curve for the first dive shows a conspicuous §- 
shape, whereas the second dive performed on a high lactic 
acid concentration in the blood presents a straight line. 
This striking change may be explained as caused by a 
breakdown of the buffering capacity of the blood. 


Many diving animals are able to endure submersion for a very 
prolonged period of time, and are therefore convenient subjects 
for the study of respiratory gas exchange during periods of 
arrested breathing. 


The composition of alveolar air during diving, breath-holding | 


or rebreathing may be described in a diagram where the oxygen 
content is plotted as abscissa and carbon dioxide as ordinate. 


Such diagrams have been reported for many diving animals, and | 


the slope of the curve has been shown to be sigmoid (Fig. 1). 


1 Present address: Scripps Institution of Oceanography, University of California, | 


La Jolla, California. 
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Fig. 1. Composition of alveolar air during rebreathing. Redrawn from SCHOLANDER 
(1940), and Irvine, ScHoLanpER and GRINNELL (1942). 


ScHOLANDER (1940) pointed out that the steep rise in the sigmoid 
curve toward the end of a long submersion is associated with, and 
very likely caused by, the formation of lactic acid: When the oxygen 
tension in the muscles becomes zero, lactic acid is formed. Some 
of this acid leaks out into the circulation causing a release of 
carbon dioxide from the blood and tissue buffers, and very likely 
CO, also diffuses directly out from the muscles. Therefore the con- 
centration of carbon dioxide in the lung air rises relatively steeply 
toward the end of the dive. 

When the animals emerge, the blood is flushed with lactic acid 
(ScHOLANDER 1940). For several minutes a high level of lactate 
is present in the blood, and the buffering capacity for carbon 
dioxide must then be markedly diminished. In case diving was 
repeated during this period, one would expect the oxygen-carbon 
dioxide diagram to become less S-shaped. 

In order to show the effect of impaired buffer capacity on the 
oxygen-carbon dioxide diagram, a series of experiments was 
carried out in which the ducks were exposed to two successive 
dives. 


Material and Methods. 


This investigation and a study of the diving metabolism in the duck 
were carried out at the same time. Except for the blood analyzes, the 
material and the methods were identical (ANDERSEN 1959). 
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Fig. 2. A and C: Lactic acid content in the blood during two successive dives. 
B and D: The oxygen-carbon dioxide diagrams from the same dives. 


Blood samples were taken through a small polyethylene catheter 
inserted approximately 5 cm into one of the veins of the wing. The 
blood was analyzed for lactic acid according to the colorimetric method 
described by BarKER and SumMERSON (1941) and modified by Strém 


(1949). 


Results and Conclusion. 


Lactic acid content of the blood. In agreement with earlier findings 
(ScHOLANDER 1940), only a slight increase of lactic acid was 
observed in the blood during diving. After emerging, however, 
the content of lactate rose markedly. 

The ducks were exposed to a second dive while the lactic acid 
concentration in the blood was still abnormally high (Fig. 2A 
and (). 

Respiratory gas exchange. The oxygen-carbon dioxide diagram 
of the first dive showed the well-known S-shape, the curve ob- 
tained for the second dive, however, presented an inclining, 
straight line (Fig. 2 B and D). 

There can be little doubt that the reason for this striking altera- 
tion of the oxygen-carbon dioxide diagram is due to a decrease in 
the buffering capacity for carbon dioxide caused by the abnormal 
level of lactic acid in the blood. 
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I am indebted to Professor P. F. ScHOLANDER for inspiring guidance during this 
work. I also wish to express my appreciation to Dr. K. Lance ANDERSEN for his 
ample assistance during the experiments. 
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The oxygen consumption of red cells is mainly bound to the 
presence of reticulocytes (WaRBURG 1909). The oxygen consump- 
tion of mature erythrocytes is almost negligible, whereas the re- 
ticulocytes have a respiratory metabolism and there exists a 
proportionality between percentage of reticulocytes and oxygen 
consumed (Harrop 1919, Ramsey and WaRREN 1933, Komatsu 
1956—57, YaMaMOTO 1935, 1936). 

The rate of glycolysis is likewise found to be increased in con- 
ditions with increased percentage of reticulocytes as shown by 
studies of SeLwyn and Dacte (1954), and (1955) 
in haemolytic disease. The latter author found, however, that 
the correlation between the rate of glycolysis and percentage of 
reticulocytes is rather poor, most likely because the cells continue 
to glycolyse at a high rate after having lost their reticulum. The 
author, therefore, points out that the glycolytic rate may possibly 
give a rough index of the mean red cell age and thus indirectly 
of bone marrow activity. A similar relation between reticulocytes 
and the rate of methemoglobin reduction (MRR) in nitrite treated 
cells is shown by JaLavisTo (1959), Jatavisto et al. (1959). The 
initial parallelism between the percentage of reticulocytes and 
methemoglobin reduction rate (MatTuizs, JunG and ONNEN 1953) 
no longer holds in the posthaemorrhagic phase when the blood 
contains much newly formed cells but the reticulocytosis has 
subsided. The elevated rate of MR may under these conditions 
last for about 20—30 days. The plasma oxidation reduction poten- 
tial which is shown to increase parallel to the development of 
reticulocytosis (JaLavisto and Pina 1952, Pina 1956) is con- 
sidered as an indication of overall metabolic activity of red blood 
cells. An elevated level after subsidence of reticulocytosis there- 
fore suggests persistence of intense metabolic activity beyond 
the morphological ripening of the reticulocytes (Praa 1956). 

When the correlation between reticulocytes and oxygen con- 
sumption of red cells has been investigated, the declining phase 
of reticulocytosis has received relatively little attention. In view 
of the slow decrease of metabolic activity as compared with 
maturation of the reticulocytes, the relation between disappear- 
ance of the reticulum and oxygen consumption deserves perhaps 
further study. 

The oxygen consumption of blood plasma is under normal con- 
ditions very small, at the limit of measurability. It probably 
depends on autooxidation of lipids and/or some protein com- 
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ponent in blood plasma (RaMsEY and WARREN 1934). Since 
studies with C marked acetate have shown a considerable mobility 
and exchange of blood lipids bétween cells and plasma (Jamas, 
LovELock and Wess 1957) the oxygen consumption of plasma 
in bleeding anaemia has gained added interest, particularly since 
it was shown by Parsons and Parsons (1927) that the O, liberated 
from plasma by sodium ferricyanate is increased in bleeding anaemia. 
The purpose of this paper is to give data concerning the relation 
between oxygen consumption of blood and plasma during the 
development of bleeding anaemia and recovery from it. 


Material and Methods. 


Blood samples were withdrawn from carotid loops exteriorized prior 


to the experimental period in 9 rabbits. The rabbits were bled irregu- | 
larly so that variations in the percentage of reticulocytes were estab- | 
lished. The coagulation was prevented with a drop of heparin solution | 


in the centrifuge tube used for collection of the blood sample. The 
haematocrit and percentage of reticulocytes were determined from the 
sample. After staining with brilliant cresyl blue the reticulocytes were 
counted according to the method of BrecHER and ScCHNEIDERMAN 
(1950) using a Miller’s ocular micrometer. Part of the blood sample 
was centrifuged for determination of the oxygen consumption of blood 
plasma. Two ml of blood or plasma were introduced into calibrated 
Warburg flasks of approximately 16 ml capacity and the oxygen up- 
take at 37° C was determined according to the standard method de- 
scribed by Umsretr et al. (1945) with absorption of CO,. The samples 
were equilibrated during 15 min and the oxygen consumption was 
measured after incubation for 1 and 3 hours. The oxygen consumption 
was expressed in ul/min/per ml packed red cells or per ml plasma, 
respectively. The methodical error in 32 duplicate determinations was 


Ss = y= = 0.11 yl/min/ml packed red cells in the experiments on 
n 


blood oxygen consumption. 

Since the oxygen consumption of plasma is considered to be due to 
autooxidation of lipid material the rabbits were in part of the experi- 
ments injected with an antioxydant 2—3 hours prior to the withdrawal 
of the blood samples in order to stabilize the lipids contained in blood 
plasma and minimize haemolysis of cells (RAtHA 1955) which would 
cause a burst of increased oxygen consumption of plasma (RAMSEY 


and WARREN 1930, 1934/35). For this purpose 25—30 mg a-tocopherdl | 


(“Ephynal’”, Roche) were injected intramuscularly into the rabbits. 
It was, however, not possible to induce any significant elevation of 


the level of a-tocopherol in blood and further experiments were there- | 


fore abandoned. 
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Reticulocytes, per cent 
Fig. 1. Oxygen consumption of plasma and the percentage of reticulocytes. 


Circles: blood from rabbits injected with a-tocopherol. 
Solid circles: untreated. 


Results. 


Oxygen consumption of plasma. No clear relation between oxy- 
gen consumption of plasma and the percentage of reticulocytes 
was found. The oxygen consumption varied between 0 and 0.26 
l/min/ml plasma. Most of the values were thus within the range 
of methodical error. There was no significant difference between 
the plasma samples from untreated rabbits and from those in- 
jected with ’Ephynal’’. The mean of the oxygen consumption 
in different ranges of reticulocyte percentages was the same in 
untreated cases, whereas it was slightly higher in plasma samples 
from ’Ephynal’’-treated rabbits when the percentage of reticulo- 
cytes exceeded 11 per cent. However, the number of determina- 
tions in this category was too small to allow any definite con- 
clusions. The results appear in Fig. 1. 

Oxygen consumption of whole blood. The oxygen consumption 
of blood varied between 0.56—3.65 during the 1st and 0.28—2.95 
fl/min/ml packed red cells during the 3rd hour of incubation. 
The mean uptake increased steadily with increasing percentage 
of reticulocytes. No difference between ‘‘Ephynal’-injected and 
untreated rabbit cells is seen. 

In Fig. 2 and 3 the close correlation between variations in 
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Fig. 2. Oxygen consumption of blood and percentage of reticulocytes. 


Abscissa: time, dates. 


reticulocytes and blood oxygen consumption is quite clear. The 
dates at which the determinations are made represent the abscissa 
and the ordinates are reticulocyte percentage and oxygen uptake 
during the 1st and 3rd hours of incubation. It is obvious that a 
decline in percentage of reticulocytes immediately induces a 
reduction in the oxygen uptake of the blood. However, the oxygen 
consumption may decrease already before the reticulocytes have 
attained their peak value, although it never lags behind. Examples 
of earlier decline of oxygen consumption than of the reticulocytosis 
is seen in Fig. 2a, 3a, b and d. The explanation of this fact is 
probably very simple, as reticulocytes are counted cells with 
any amount of reticular substance. When the peak value of retic- 
ulocytosis is attained a great amount of cells are about to lose 
their substantia reticulofilamentosa and thus represent cells which 
are in their enzymatic constitution closer to the mature state 
than those with abundant staining material. 
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Fig. 3. Oxygen consumption of blood and percentage of reticulocytes. 


Abscissa: time, dates. 


Discussion. 


The increased oxygen consumption of red cells manifested in 
connection with a reticulocytosis represents a very short episode 
in the life cycle of the red cell, and cannot, therefore, be taken 
as an indication of the mean age of the red cell population. This 
is in conformity with the findings of RusrnsTEIn, OTTOLENGHI 
and Denstept (1956) concerning the decrease in the enzyme 


| activity of reticulocytes in vitro. During an incubation of only 


12 hours duration the authors were able to observe a notable 
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decrease in the activity of such enzymes which have a high activity 


in reticulocytes and low or none at all in mature cells as e.g. 


fumarase, succinic dehydrogenase, cytochrome oxidase and aconi- 
tase. The activities of e. g. lactic and malic dehydrogenase which 
were approximately of the same order of magnitude both in 
reticulocytes and mature cells showed practically no decrease 
during maturation of the reticulocytes in vitro. The decline in 
oxygen consumption, therefore, probably coincides with dis- 


appearance during maturation of the material containing enzymes 
of the citric acid cycle and cytochrome system. This maturing | 
is, however, as the authors pointed out, not dependent upon the | 


morphological ripening of the reticulocytes nor related to the con- } 


tents of ribonuclei¢ acid in the reticulocytes. The decline of oxy- 
gen consumption in my experiments before the peak value of 
reticulocytosis is reached, likewise corroborates the impression 
that the speed of enzymatic alteration exceeds that of the dis- 
appearance of stainable material from the reticulocytes. A similar 
relation between the behaviour of plasma potential and retic- 
ulocytes in bleeding experiments was found by Pina (1956). 

In sheep blood no reticulocytes are found and they are very 
scarce in sheep foetal blood. However, both maternal and foetal 
arterial blood show increased oxygen consumption at about the 
middle part of gestation. The maternal and foetal blood oxygen 
consumption is of the same order of magnitude in spite of the 


very big difference in the amount of reticulocytes (Karvongy | 
1949). The author therefore concludes that oxygen consumption | 

has nothing to do with the basophilic staining of the reticulocytes. 
The highest values of oxygen consumption in sheep maternal and | 
foetal blood were of the same order as those found in my experi- | 
ments on rabbit blood when the percentage of reticulocytes | 
about 10. Since the staining properties of the reticulocytes are 

very sensitive to various factors: liver extracts, salts, etc. (HEATH 

and DaLanD 1931) it is possible that the (physico-)chemical | 
constitution of sheep red cells or plasma is not favourable for | 
staining of the reticulocytes and the discrepancy between sheep | | 
and rabbit red cell behaviour may be only apparent. On the other | 

hand, the parallelism between oxygen consumption and per: | 

centage of reticulocytes in rabbit blood may also be coincidental, | 
the speed of morphological ripening being approximately the | 
same as the speed of enzymatic deterioration. The former cat | 
therefore mostly be used as an index for the latter. 
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The oxygen uptake of blood plasma is obviously too small in 
order to be determined with the necessary accuracy and probably 
too variable to be of any value in evaluation of the posthaemorhagic 
state of the animal. 


Aided by grants from Valtion luonnontieteellinen toimikunta (State Commission 
for Sciences) and Sigrid Jusélius’ Stiftelse. 
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Abstract. 


JALAVISTO, E. Bleeding anemia and methemoglobin 
reduction in dog erythrocytes. Acta physiol. scand. 1959. 46. 
252—256. — The rate of methemoglobin reduction in 
nitrite treated dog red cells were studied in 3 dogs before 
and after repeated bleedings. When the dogs were bled the 
methemoglobin reduction rate (MRR) increased to values 
twice or three times the initial, the maximum rate varying 
from 18 to 31 per cent per 1 hour. The duration and level of 
an elevated rate seemed to depend on the amount of blood 
removed. The long persistence (about 1 month) of an elevated 
MRR was interpreted as an indication of the dependence of 
the MRR on the age and life span of the red cell population. 


The rate of methemoglobin reduction (MRR) in nitrite treated 
red cells is known to vary in different animal species (KiEsE and 
Weis 1943). It is high in rabbit and guinea pig red cells and low 
in dog and human erythrocytes both when glucose and lactate 
are used as substrates. A species difference exists likewise in the 
percentage of reticulocytes which is higher in rabbits and guinea 
pigs and lower in dogs and man. Since repeated bleedings enhance 
the rate of reduction in rabbit red cells (Marruies, June and 
ONNEN 1953, JaLavisto 1957, JaLavisTo et al. 1959) it seemed 
interesting to study the effect of bleeding dogs, which develop 
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usually a very moderate reticulocytosis in connection with bleeding 
anemia. The elevated rate of reduction persists for a rather long 
time, some 20 days in rabbits (JaLAavisTo et al. 1959), but the time 
relationships are difficult to assess in rabbits since the sample 
taken for analysis is comparatively large and may stimulate the 
rate of erythropoiesis. In dogs a sample of the same size can 
hardly affect the boae marrow activity to any noticeable extent. 
Consequently the mere taking of a sample for analyses does not 
induce an elevated rate of methemoglobin reduction. The time 
relationships of the enhanced reduction rates are therefore easier 
to study in dogs. 


Material and Methods. 


The experiments were performed on 3 mongrel dogs weighing 10.5— 
15.0 kg. The MRR was determined principally according to the method 
of Kinzer and Scunerper (1953). 2—-4 ml of blood were withdrawn 
by venipuncture in the morning, each time approximately at the same 
hour. The samples were kept in icewater until diluted with 1 per cent 
sodium nitrite solution and incubated during '/, hour at 37° C. The 
erythrocytes were separated from plasma and were washed 5 times 
with saline and suspended in a phosphate buffer solution adjusted 
to pH 7.4 to make 2 ml. Ten mg of glucose were added to this amount 
of suspension. A drop of the suspension was dissolved in distilled water 
and the content of methemoglobin was determined spectrophotometri- 
cally at the wavelengths 630 and 577 my: according to the nomographic 
method of Hunter (1951). After exactly 1 hour incubation in Warburg 
flasks at 37.1° C under shaking, a second sample was similarly ana- 
lysed. The difference in methemoglobin concentration between the first 
and second sample was expressed as percentage of the initial con- 
centration and was taken to represent the MRR. The methodical error 

2n 
hour. In some experiments parallel determinations of MRR, after ad- 
dition of 0.002M iodoacetic acid, were made. 

The dogs were bled mostly every other day 3 to 6 times. 60—170 ml 
blood was removed at a time. The volume of packed cells was deter- 
mined with a v. Allen’s hematocrit. 


in 26 double determinations was found to be 8 = = 0,41 %/1 


Results. 


The result is depicted in Fig. 1 in which the MRR %/1 hour 
and the haematocrit are plotted against time, 7. e. dates at which 
the determinations were performed. The dogs were bled at days 
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Hematocrit (Hkr) and methemoglobin reduction rate (MRR) in nitrite treated 
dog red cells during two periods of bleeding. 


Ordinate, upper curves: Hkr per cent, 
lower curves: MRR per cent/1 hour. 


Abscissa: time, dates. At arrows the dogs were bled. 
The numbers indicate the amount of blood removed in ml. 


Solid lines: MRR without inhibitor, glucose 0.5 %. 
Broken lines: MRR inhibited with 0.002M iodoacetic acid, glucose 0.5 per cent. 


shown by the arrows. The number on the arrow indicates the 
amount of blood taken in ml. 

The dogs were subjected to two periods of bleedings — the 
first with only 3—4 venesections and the second with 6 bloodlettings 
during the 3/, months time of observation. 

The amplitude and duration of the increase in MRR seemed 
to be dependent upon the amount of blood removed. During the 
first bleedings when the blood removed represented 2.0—2.9 per 
cent of body weight, the maximum rate of MR varied between 
18—23 per cent per hour. After about one month the original 
level was attained in the dogs from which 265—300 ml had been 
removed, whereas in the dog from which 440 ml (= 2.9 % body 
weight) was taken, the initial level of MRR was then not yet 
fully restituted. During the second period of blood letting when 
the amount of blood removed corresponded to 4.7—7.3 per cent 
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of body weight the maxima of MRR varied between 20—31 per 
cent per hour and after a month in none of the dogs had the rate 
of MR reached the original level. The highest rate was again 
found in the cells of the dog with the (absolutely, not relatively) 
largest blood loss, 790 ml (= 5.3 % body weight), and lowest 
in the cells of the dog with the smallest blood loss, 635 ml (= 4.7 % 
body weight). 

The broken lines in the figure indicate the MRR when the cells 
have been incubated together with 0.002 M iodoacetic acid (and 
glucose). It may be noted that the residual reduction which per- 
sists in spite of the inhibitor is likewise speeded up by the bleedings. 
A similar increase in the MRR of iodoacetic acid poisoned cells 
was, however, found as well after injections of adrenaline in 
rabbits (JALAVISTO and SUNDBERG 1957). 


Discussion. 


The rate of methemoglobin reduction in dog erythrocytes is 
definitely slower than in rabbit red cells. The values in normal con- 
ditions before bleeding were approximately of the same magnitude, 
9.5 per cent/hour, as mentioned in previous papers, é. g. 11.4 per 
cent of total pigment per hour as found by Cox and WENDEL 
(1942). The effect of bleedings on the reduction rate, however, 
manifests itself as clearly in dog as in rabbit red cells. 

The relation of the level of MRR to the amount of blood lost 
| seems to indicate that the rate of reduction of methemoglobin is a 
function of red cell age. This will be treated more quantitatively 
in a subsequent paper (JALAVISTO and SOLANTERA 1959). 

There seems not to be any big difference between the behaviour 
of dog and rabbit erythrocytes after bleedings as to the duration 
of the elevation of MRR. It is in both animals long lasting. The 
exact duration of an elevated rate has, however, not been assessed 
in either species. An initial drop in the level of MRR occurs both 
| in dogs and rabbits soon after the blood lettings are stopped, but 
it takes about 20—30 days, sometimes even longer, before the 
| initial level is regained. Whether the early decrease in the MRR 
indicates the existence of cells with short life span ¢. e. increased 
| destruction of cells shortly after the bleedings remains unsettled. 
‘It would, however, very well fit in the present knowledge about 
life span of red cells after blood loss as studied e. g. by the isotope 
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C“ method (Pima 1956). In these studies the C™ labelled globin 
remains stable during some 30 days in normal rabbits whereas 
after repeated bleedings there is no such plateau and a decrease 
in radio-activity of the globin fraction begins already after a few 
days. Linman and Lone (1958) have, furthermore, shown the 
production of cells with short life span by a lipid soluble heat- 
stable erythropoietin isolated from anemic plasma. Another pos- 
sible interpretation would be that the blood loss has increased 
the rate of enzymatic maturation (or decay) of the cells. So far 
we know, there is at present no evidence whatsoever relating to 
this possibility. 


Aided by grants from “Valtion luonnontieteellinen toimikunta” (State Commis. 
sion for Sciences) and “Sigrid Jusélius’ Stiftelse’’. 
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ythrocytes cells of moderately bled rabbits. 4cta physiol. scand. 1959. 
sntsysteme 46. 257—272. — Repeated bleedings were shown to 
53. enhance the methemoglobin reduction rate (MRR) of 
§ Teceiving nitrite treated red cells incubated without substrate, with 
- Blut glucose at 7.4 and with lactate at pH 8. When the samples 


were incubated with adenosine prior to the treatment with 
ytosis Due nitrite the MRR was speeded up; the difference, however, 
99. | between anemic and normal cells persisted. Regularly in 
anemic and sometimes in intact red cells pyruvic acid 
slowed the reduction rate down by a fairly constant amount. 
It was concluded that reduction through lactate cannot 
represent the main factor in the anemic increase of MRR. 
After bleedings when the reticulocytosis had subsided, an 
elevated MRR could still be observed. It was concluded that 
the anemic increase of MRR is due to an overall activation 
of metabolic processes in a population consisting of young 
red cells. 
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The reduction of methemoglobin in nitrite treated but other- 
wise intact red cells is known to be greatly enhanced after repeated 
bleedings (MatrHizs, ONNEN and 1953, Matruies 1956, 
JALAVIsTO 1957). This increase was shown by Martruizs to be 
linearly related to the percentage of reticulocytes and was sup- 
posed to be due to the altered enzymatic constitution of the 
reticulocytes. The réle of the methemoglobin reductase isolated 
and studied especially by Kresz (1944) and Kizsz, ScHNEIDER 
and WALLER (1957) was thought of as the most likely element 
involved. 

If methemoglobinocytes are mixed with cells containing only 
hemoglobin the reduction rate in the former is increased. (“Misch- 
effekt’’ von Matruizs, June and 1955.) The effect was 
shown to parallel the amount of lactic acid formed in the hemo- 
globin containing erythrocytes. Reticulocytes on the other hand 
did not possess this reduction enhancing effect, which was ex- 
plained by their greater respiration and smaller lactic acid forma- 
tion. Since Pima (1958) has shown that the pyruvate content of 
red cells in repeatedly bled rabbits is increased, and pyruvate is 
known to inhibit the reduction of methemoglobin by lactate, this 
last-mentioned explanation would seem valid. However, Pina has 
likewise shown (unpublished results) that a high lactic acid 
content in red cells with increased percentage of reticulocytes is 
to be found after repeated bleedings as well. Thus the whole 
matter seems to be quite confusing. Furthermore, if one considers 
the fact that the percentage of reticulocytes may be only moderate- 
ly increased and yet the rate of methemoglobin reduction (MRR) 
is definitely enhanced the question becomes all the more compli- 
cated. It is simple to calculate, that even if the reticulocytes would 
reduce all methemoglobin they contain to hemoglobin during the 
incubation period (MRR = 100 %) it would not suffice to account 
for the observed increase in the mean rate of methemoglobin 
reduction (JaLavisto 1957). Obviously the question deserves 
further study. 


Material and Methods. 


The material comprises orienting experiments from an early period 
(spring 1955) and main experiments performed between April 1957 
and November 1958. The aim of the orienting experiments was to 
study the degree and duration of reticulocytosis in relation to the 
increase in the rate of methemoglobin reduction. The rabbits were in 
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these experiments bled at varying intervals and samples were taken 
at and after the bleedings. 

The samples were taken from the marginal ear vein and in the 
orienting experiments put immediately in an ice cooled water bath. 
The reticulocytes were counted using Miller’s ocular micrometer where- 
at 20 squares were counted, which gives approximately the same 
accuracy as if 1,000 erythrocytes would have been counted. The samples 
were stained with brilliant cresyl blue. Determination of the hematocrit 
value and/or the number of erythrocytes were likewise performed. 
Irregularities in the MRR led to search for an explanation and it was 
discovered that restraining of the rabbits may lead to increased MRR 

obably through mobilization of adrenaline (JaLavisto and Sunp- 
perG 1957). The experimental procedure was therefore altered in 
the main part of experiments. In order to avoid the effect of restraining, 
the animals were treated as gently as possible and the blood was taken 
by heart puncture, the rabbit lying on its back in an animal holder 
in a state known as “animal hypnose’’. To control variations due to 
occasional differences in the interval before the blood sample was ready 
for determination of the MRR, the blood samples were always taken 
from a pair of rabbits: one repeatedly bled and another intact rabbit 
which served as a control. The control and bled rabbits and the samples 
were treated throughout in exactly the same manner. Coagulation 
of the blood was prevented with a drop of heparin (5,000 I. U. in 1 ml) 
introduced into the syringe and the flasks in which the blood was 
collected. The reticulocyte percentage was determined as in the 
orienting experiments. The percentage of reticulocytes varied be- 
tween 0.8—3.7 % in the controls and between 4.3—11.7 % in the bled 
rabbits; in addition red cells were counted and the hemoglobin con- 
tents were determined colorimetrically as alkaline hematin. 

The determination of the MRR was performed as follows. Two 
ml of blood (total amount taken was usually 20—25 ml per rabbit) 
were placed in two centrifuge tubes, filled with 1 per cent solution 
of sodium nitrite and incubated for 30 min in a water bath of 37° C. 
The samples were washed five times with saline (or phosphate buffer) 
in order to remove all nitrite (three or four washings are not suffi- 
cient). The last washing was made with isotonic phosphate buffer 
of pH 7.4 (or in general with the pH to be maintained during incubation). 
The washed cells were in the orienting experiments suspended in a 
phosphate buffer solution to make approximately 2 ml, which were 
pipetted in Warburg flasks to which 10 mg or 0.1 ml of a 10 % solu- 
tion of glucose was added. In the final experiments the cells were 
suspended in 5 ml of phosphate buffer and 2 ml of the suspension were 
placed in duplo into three (a—c) Warburg flasks: a) with no supplement, 
b) containing 0.1 ml of a 10 % solution of glucose and c) containing 
0.15 ml of a 1.72 per cent isotonic sodium lactate solution. The flasks 
were incubated in a water bath of 37° C under gentle shaking during 
lhour. The methemoglobin percentage was determined in the prelimi- 
nary and final experiments by spectrophotometry at wave lengths 
577 mu and 630 my according to Hunter, both before and after 
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incubation. The MRR was expressed as the decrease in methemoglobin 
contents in per cents of the initial value. In some experiments the 
blood was incubated during one hour in 37° C with an 0/034 per cent 
solution of adenosine before the blood samples were treated with 
nitrite. 

The rest of the blood was stored at + 5° C for about 24 hours. There- 
after the incubation with adenosine and the determination of MRR 
were performed as described above. 

In some instances the lactic acid contents of blood samples taken 
after the incubation in Warburg flasks were determined according to 
the method of BARKER and SummMERSON (1941) in which the lactic 
acid is converted to acetaldehyde through the action of concentrated 
sulphuric acid. Acetaldehyde gives in presence of copper ions a purple 
colour with p-hydroxydiphenyl and may thus be determined by 
colorimetry. The standard calibration curve was made by diluting the 
same isotonic 1.72 % sodium lactate stock solution that was used in 
the incubation experiments as substrate. 

The rabbits were kept on a stock diet consisting of hay, oats and 
barlow, supplemented once a week with fir-needles. They were bled at 
irregular intervals, mostly every second day. 


Results. 


Preliminary experiments. The MRR when glucose was used 
as substrate varied in 100 blood samples between 39 and 85 
per cent/hour. In only 4 instances the MRR exceeded 80 per cent. 
The range of reticulocyte percentage was 0.5—24.0, the mean 
being 8.7 %. If the rabbits had not been bled the MRR was 
about 50 per cent and the reticulocyte percentage 1.5—2.0 %, 


but the correlation was otherwise very poor. The correlation coeffi- | 


cient calculated from the entire material (100 samples) was 
r= + 0.20 + 0.097, thus only bordering significance. It may be 
noted that when a low reticulocyte percentage is found in con- 
nection with a high rate of reduction, the rabbit has usually 
been bled, but the reticulocytosis has already subsided. A relatively 
long persistence of an elevated MRR is seen almost invariably. 
Some examples are given in Fig. 1 in which MRR, hematocrit 
and reticulocyte values of 5 rabbits are represented. An evalua- 
tion of the duration of the elevated MRR after bleeding is rather 
difficult because the taking of a blood sample for analysis acts 
by itself as a regenerative stimulus and may enhance the MRR. 
The determinations of MRR cannot, therefore, be repeated as 
often as would be desirable. The general impression when examil- 
ing the curves in Fig. 1 is, that the MRR remains elevated some 
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10 
R% 


10 20 30 60 7Odays 


Fig. 1. Rate of methemoglobin reduction (MRR) °%/hour in nitrite treated red 
cells of 5 rabbits. In the middle part are shown the hematocrit values (Her) and 
at the bottom the percentage of reticulocytes (R%). Abscissa: time in days after 


beginning of bleedings. 


| 20 days and occasionally even longer. The parallelism between 
reticulocytosis and increase in MRR is quite obvious at the 
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beginning of the bleedings and it is only the later development 
which breaks the correlation. 

Main experiments. The results appear in Tables I—IV. In 
Table I the MRR in cells incubated without added substrate 
are shown. A reduction of methemoglobin is taking place both 
in control and bled rabbit cells. The rate is so slow compared to 
methodical or other variations that a significant difference be- 
tween normal and bled rabbits is only seen if the differences be- 
tween each pair of normal and bled rabbit is calculated (column 5). 
The difference is seen as well in experiments with suspension media 
of pH 6.8 in which the MRR is suppressed (bottom of Table I). 

From Table I, the effect of incubation with adenosine on the 
reduction rate when no substrate is added can likewise be seen. 
The rate is increased on an average with some 50 per cent in the 
fresh samples and in stored samples the rate is more than doubled. 
In the latter case the increase is statistically significant. 

If it is assumed that the increase is due to the reticulocytes 
reducing methemoglobin at a higher rate, one may calculate 
the minimum percentage of reticulocytes needed to bring. about 
an increase in the mean MRR of the magnitude found experi- 
mentally. The MRR can maximally be 100 %. If the percentage 
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of reticulocytes in the control experiments is 2.4 and the mean 
MRR 9.8/hour then mature cells would reduce 7.6 per cent/hour 
and there should be at least 6.1 per cent reticulocytes in order to 
yield a mean reduction rate of 13.3 as in the anaemic rabbit cells, 
The calculated minimum percentage (R calc.) 6.1—8.5 (adenosine 
pretreated) corresponds to the reticulocyte percentage actually 
found. 

In Table II the results with added glucose are shown. The reduc- 
tion rate is now much increased and evidently more so in the red 
cells from bled rabbits. Again it may be noted that the difference 
is significant both in fresh and stored samples. The storage has | 
resulted in a marked decrease in MRR. The effect of adenosine 
pretreatment is striking: the MRR in stored samples is not only 
restored to the former level but even increased beyond the original 
rate of reduction. The increase is particularly high in the red cells 
of bled rabbits. Again we may calculate the minimum percentage 
of reticulocytes needed to yield the mean reduction rate found 
in the experiments if supposed that the MRR enhancing effect 
of bleedings would be dependent upon higher rate of reduction 
in the reticulocytes. The values (R calc.) are shown in the table. 
It is obvious that the percentages (R calc.) are much too high 
and consequently a higher rate in reticulocytes cannot explain 
the increase in MRR after bleeding. Either there must be cells 
not staining as reticulocytes but reducing at a higher rate than 
ordinary mature erythrocytes or there must be interaction be- 
tween the cells as shown by Martruizs et al. in the “Mixing 
Effect”’. 

There is very little difference between the MRR in control 
and bled rabbit cells, when lactate is used as substrate (Table III) 
— a fact shown by Matruigs et al. The rate is to begin with much 
higher than with glucose: actually the same degree of reduction 
is reached already in half an hour. In every group the MRR is 
numerically slightly greater in bled rabbit cells than in controls, 
but the difference is not statistically significant. The rate is not 
reduced during storage and is not essentially increased with 
adenosine pretreatment. 

The lack of a significant difference between controls and bled 
rabbit blood cells may be due to the fact that reduction of 
methemoglobin proceeds with lactate at such a high rate even in 
controls that a slight increase may be masked by methodical 
inaccuracy resulting of the necessarily short time of observation, 
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Fig. 2. Dependence of MRR on pH 
t + + + + with lactate 0.013 M (broken lines) 
5.0 60 oH 60 9.0 100 and glucose 0.5 per cent (solid lines) 


as substrates. 


viz. /, hour. Since, however, it would be quite important to know 
whether there is a real difference between control and bled rabbit 
red cell MRR or not, it seemed necessary to find out conditions 
which would slow down the rate of reduction by lactate. The 
MRR was examined as a function of different hydrogen ion con- 
centrations (Fig. 2). It could be noted that in the alkaline direc- 
tion the reduction rate falls off steeper than at the acid range of 
pH. The curves of MRR with lactate and glucose, therefore, run 
closer to each other at the pH > 7.4. The pH 8.0—8.2 were chosen 
for incubation of the methemoglobin containing cells. The ex- 
perimental procedure was altered in so far that the “control” 
values were taken from the same anemic rabbit blood. The 
bottom layer of red cells was used as control against the top 
layer rich in reticulocytes. The blood was centrifuged in narrow 
tubes, the plasma was discarded and the cells from two such tubes 
put together and centrifuged anew during 1 hour at a speed 
of 4,500 rpm. The top and bottom layers were taken apart and 
treated as two separate samples using the method described 
previously, except that the phosphate buffer was adjusted to 
pH 8.0 and 8.2. The results appear in Fig. 3. 


It is noted that when the reticulocyte percentage is 2.0 % | 


and the reduction rate is low there is no difference between top 
and bottom layer cells, but otherwise both in glucose and lactate 
the top layer cells reduce at a higher rate than the bottom layer 
cells. In the lactate series there was one exception but the dif- 
ference is nevertheless quite significant: the mean difference 
is + 5.8 + 1.92, and in the glucose series + 8.4 + 2.0, re- 
spectively. 
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Inhibition of lactate reduction by added pyruvate. 


The formation of lactic acid in the cells during incubation 
might be of importance for the increased MRR as it is for the 
“Mischeffekt’”’ (mixing effect) of Matraies, June and ScHAFER 
(1955). The reduction by lactate and glucose as substrates are 
known to be additive and increasing amounts of lactate continue 
to enhance the MRR up to very high concentrations as may be 
seen from Fig. 4 which gives the MRR at various concentrations 
of added lactate. 

The rdle of lactate’can, however, only be estimated with help 
of experiments on inhibition of lactate reduction with pyruvate. 
In experiments with 0.013 M sodium lactate an addition of 0.027 M 
sodium pyruvate was found to depress the MRR approximately 
to the level found without added substrate. This concentration 
of pyruvate was, therefore, used in the following experi- 
ments. 

When the MRR was determined with glucose as substrate 
with and without pyruvate at pH 7.4 a small reduction occurred 
regularly in the anemic and often even in the control samples. 
The reduction induced by addition of pyruvate amounted to 
10.0 + 1.03 per cent. This difference was, however, not related 
to the increase in the MRR. When the MRR with glucose is 
plotted against MRR with glucose plus pyruvate the values lie 
approximately on a straight line as seen from Fig. 5. 

If the incubation was performed with a phosphate buffer of 
pH 6.8 no difference could be seen although in this pH range 
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100% 


Fig. 4. Dependence of MRR on 
Lactate concentration per cent concentration of added lactate. 


when lactate is used as substrate the MRR is only slightly reduced 
from its value at pH 7.4 (Fig. 2). 

It is concluded that reduction through lactate may be one factor 
in anemic increase of MRR but it does not represent the main 
mechanism responsible for the increase. In acid range of pH 
it is not operative. 


Interaction between methemoglobin reducing cells. 


The rabbits were bled only moderately and the resulting in- 
crease in the percentage of reticulocytes was not great (mean 
7.7 per cent). It is quite obvious (and was shown by calculations, 
Tables II and III) that under these conditions reticulocytes at 
however high rate they may reduce methemoglobin cannot account 
for the entire effect of bleeding on the MRR — at least not in 
experiments with added substrates. The long persistence of an 
elevated rate after subsidence of the reticulocytosis suggests that 
young red cells which assumably continue to glycolyse at a high 
rate (HOLLINGSWORTH 1956) reduce methemoglobin at a high rate 
too. Whether the amount of such young red cells is sufficient to ac- 
count for the found difference in MRR can be estimated if the rate 
of blood regeneration in the post-bleeding period is known. This 
question will be considered in a separate paper (JALAVISTO and 
SoLANTERA 1959). However, the possibility to treat this matter 
quantitatively rests upon the assumption that the MRR is de- 
termined solely by the metabolic activity of the methemoglobin 
reducing cells themselves and is not influenced by diffusible 
metabolites formed in neighbouring cells as supposed to occur in 
the “Mischeffekt” of Matruies, June and ScHdrer (1955). 
To have this question settled the MRR was determined in samples 


> 
50 
@ 
Q 
& 
S20 
Fig 
rat 
an 
aft 
re 
qu 
sa 
of 
Tec 
| M 
i 
| Ra 
i 


TERA, 


RR on 
fate. 


duced 


factor 
main 


f pH 


METHEMOGLOBIN REDUCTION IN RABBIT RED CELLS. 269 


before after bleeding 
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after mixing cells which reduce at a slow rate with cells that 
reduce at a high rate. The result appears in Table IV and is 
quite clear cut: The reduction rate of the mixture corresponds 
exactly to the mean of the reduction rates of the original cell 
samples or is slightly below the calculated mean. Thus no effect 
of a diffusible substrate speeding up the reduction of slowly 
reducing cells can be detected in these experiments. 


Table IV. 


MRR of red cell suspensions obtained by mixing cells with high and low 
MRR, respectively, in varying proportions. 


Rabbits MRR. Mixture MRR, Mixture MRR, 

% /hour % / hour % /hour 
1 83.4 1 part \ 736 1 part 69.4 

2 63.0 1 part [ 2 parts 
Calculated means 73.2 69.8 
3 69.6 1 part \ 619 1 part 58.3 

4 56.8 1part |f 2 parts 
Calculated means 63.2 61.1 
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Discussion. 


There are several metabolic pathways possibly concerned in 
reduction of methemoglobin in nitrite treated red cells the best 
known of which are those with glucose (or glyceraldehyde-3- 
phosphate), and/or lactate as substrates and which are linked 
to the glycolytic cycle. Malonates and formaldehyde are addi- 
tional possible substrates. A methemoglobin reductase, an inter- 
posed flavine enzyme-nucleotide system is furthermore required. 
Reduction directly through ascorbic acid or glutathione is 
considered as being of little importance. (K1gsE (1947), for 
references GRANICK (1949) LemBeRG and Lecce (1949) may be 
consulted.) Which system is responsible for the increased rate 
after hemorrhage is difficult to assess. The experiments with 
inhibition of reduction through lactate seemed to indicate that 
increased production of lactate cannot fully explain the phenome- 
non. The earlier experiments with iodoacetic acid inhibition which 
suppresses almost entirely the reduction of methemoglobin with 
glucose as substrate did not level out the difference between 
anaemic and normal cells in bleeding experiments with dogs 
(JaLAvisto 1959). An increased rate in anemic cells persisted 
also after incubation with adenosine which is known to regenerate 
the cells content of adenosine triphosphate. Likewise in samples 
after 24 hours storage which nearly depletes the nondialyzable 
endogeneous substrate of the cells, the difference is not abolished. 
The conclusion is, therefore, near at hand that no single factor can 
account for the whole effect and that the increased rate simply re- 
fects an increased overall metabolic activity of young red 
cells. 

The poor correlation between the percentage of reticulocytes 
and the rate of methemoglobin reduction rises the question 
whether the reticulocytes are at all concerned with the increased 
reduction rate. It is well known that respiration prevails in retic- 
ulocytes, whereas in morphologically mature cells glycolysis is 
the energy yielding metabolic process. The respiratory metabolism 
represents a very short phase in the life cycle of the erythrocyte 
but during that phase accumulation of pyruvic acid takes place 
in the red cells as shown by the close parallelism between pyruvic 
acid contents and percentage of reticulocytes (Praa 1958) during 
the progressive phase of reticulocytosis. Since pyruvic acid partly 
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inhibits the reduction of methemoglobin it would be more likely 
that reticulocytes would reduce at a slower rate than do young, 
morphologically mature intensely glycolysing red cells: As a 
matter of fact in the preliminary experiments we noticed that 
high percentages of reticulocytes sometimes corresponded to a 
remarkably low MRR. Since the newly formed metabolically still 
active cells very soon after bleeding outnumber the reticulocytes 
it might be possible that the enhanced rate is not directly connected 
with the presence of reticulocytes but with the rate of erythropoie- 
sis, This again is reflected in the number of reticulocytes and the 
age structure of the red cell population. That the latter fact is the 
most important in this connection as will be shown in a subsequent 
paper. On the other hand it is possible that during very intense 
erythropoiesis cells defective in their enzyme systems may be 
formed and consequently fail to reduce methemoglobin at a high 


rate. 
Summary. 


1. The rate of methemoglobin reduction (MRR) in nitrite treated 
washed red cells of intact and moderately bled rabbits was in- 
vestigated. 

2. Repeated bleedings were shown to enhance the MRR of cells 
incubated without substrate and with glucose at pH 7.4 and at 
pH 8 also with lactate’as substrate. 

3. The difference between anemic and normal red cells was not 
abolished through storage at + 5° C for 24 hours which causes 
a marked slowing of the MRR. When the samples were incubated 
with adenosine prior to the treatment with nitrite the MRR 
was speeded up both in fresh and in stored samples. In the latter 
case the initial rate was thereby more than restored. The differ- 
ence between anemic and normal cells persisted after incubation 
with adenosine. Regularly in anemic and sometimes in intact 
red cells pyruvic acid slowed the reduction rate down by a fairly 
constant amount. It was concluded that reduction through lactate 
cannot represent the main factor in the anemic increase of 
MRR. 

4. After bleeding when the reticulocytosis had subsided an 
elevated MRR was still observable. The duration of this elevation 
could not be exactly determined but a rough estimate gives the 
value of some 20 days. The anemic increase of MRR probably 
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reflects an overall activation of metabolic processes in a popula- 
tion consisting of young red cells. 
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Abstract. 


JaLavisto, EK. and L. Methemoglobin re- 
duction rate of nitrite treated red cells as a function of 
cell age. Acta physiol. scand. 1959. 46. 273—283. — The 
influence of cell age on the rate of reduction of methemo- 
globin (MRR) in nitrite treated red cells has been investi- 
gated. Starting from the assumption that the decrease of 
MRR with cell age proceeds logarithmically from 100 per 
cent at the second day to zero on the 160th or 180th day, 
the mean MRR was calculated for different cell ages. The 
agreement of the predicted and found values was good. 
The same logarithmically decreasing age decay curve could 
be used for calculation of the MRR both in rabbits and in 
dog and human erythrocytes if the maximum reduction 
rate is assumed to be 100 per cent/l hour in rabbit and 
35 per cent/1 hour in dog and human erythrocytes. 


An enhanced rate of methemoglobin reduction (MRR) in nitrite 
treated red cells due to blood loss persists after the subsidence 
of reticulocytosis (JALAVISTO 1959, JaLavisTo et al. 1959). The 
increased MRR, therefore, cannot be due to the presence of 
a greater number of reticulocytes. It was assumed that the MRR 
may be considered as an indication of mean cell age, 7. e. of the 
enzymatic youth of the red cell. 


18—593285. Acta physiol. scand. Vol. 46. 
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This paper is an attempt to treat the matter quantitatively 
and the data are essentially taken from the experiments published 
in the papers mentioned above. In this connection it is necessary 
to. pay attention to the methods of estimation of the age structure 
of a red cell population after bleedings and the so called “mean 
cell life” since inadequacy and inaccuracies in these units neces- 
sarily affect the result of the intended quantitative comparison. 


Methods. 


The method of determination of the meth moglobin reduction rate 
performed essentially according to Kinzer and ScHNEIDER (1953) 
has been described in a previous paper (Jacavisto et al. 1959). Only 
those experiments in which glucose was used as substrate during 
incubation (1 hour at 37° C) were considered. In samples taken before 
and after incubation the percentage of -nethemoglobin was determined 
spectrophotometrically according to HunierR (1951). The difference 
expressed as per cent of the initial value, was taken to represent the 
MRR (per cent/! hour). 

The red cells were counted in the usual way. The hemoglobin was 
determined with an EEL colorimetr in an alkaline solution. The 
percentage of reticulocytes related to i,000 red cells was counted after 
staining with brilliant cresyl blue. The /lood samples were taken either 
from exteriorized carotid loops or by heait puncture in rabbits or by 
venipuncture in dogs. 

The erythrocyte count and hemoglobin percentage in samples taken 
after various intervals from blood letting were used for calc™lation 
of the rate of erythropoiesis and hemoglobin formation. For * his purpose 
a formula proposed by Prima (1956) was employed In the formula 
estimated values for blood volume and for daily d struction of red 
cells are used. In rabbits the blood volume was calcui ted by assuming 
it to be 6—6.5 per cent, in dogs 7 per cent of the body weight. As 
daily destruction rate was taken 2 per cent in rabbits an. 0.55 per 
cent in dogs, which would correspond to an average cell tife of 50 
days in rabbits and 120 days in dogs, respectively. The former . igure 
corresponds to an average life span value obtained by Pima (1956) 
when 14C has been used for labelling the red cell globin. The formula 
gives accurate values only on condition that the blood volume remains 
a constant fraction of body weight, that there is no extra hemolyses 
of cells and that there is no alteration in the life span of red cells due 
to the experimentally induced conditions, and, of course, that the meas- 
ured volume of blood removed gives the true blood loss, 7. e. that there 
is no loss in subcutaneous tissue or elsewhere where it cannot be 
measured. The formula is as follows: 


B= E” —E’ (l— v'/V)/n + E’ (l — v'/V)/L 


where: 
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= rate of red cell production or hemoglobin formation. 

= number of erythrocytes per mm (in millions) or hemoglobin 
g/100 ml blood at nth day after first sample. 

= initial erythrocyte count or hemoglobin percentage. 

n = number of days between E” and E’. 

v’ = volume of blood removed. 

V = blood volume. 

= life span of red cells. 


, 


B 
E 


Inaccuracies of the blood count and of hemoglobin determinations 
affect the calculated mean red cell age and hemoglobin prod. ction. 
The determination of hemoglobin is usually considered as more accurate 
than the red cell count. Therefore, e.g. ALLISON and Burn (1955) 
relate the enzyme activity of blood to a unit quantity of hemoglobin 
instead of unit number of red cells. If conditions are stable this may 
be justifiable, but in experiments with bleeding anemia the hemoglobin 
contents of red cells may vary independently of cell production. When 
discrepancies between hemoglobin formation and red cell production 
(both expressed as per cent of actual contents) are found a comparison 
with the percentage of reticulocytes usually shows that the values 
for hemoglobin formation are misleading if they are taken to represent 
the rate of erythropoiesis. The not quite infrequent occurrence of nega- 
tive values both for red cell production and hemoglobin formation sug- 
gests that the values must be considered as fairly rough approximations. 

The mean cell life may be defined according to Dornuorst (1951) 
as follows: 

total percentage of red cells (100 per cent)/percentage of red cells 

destroyed per day. 

During stable conditions the daily destruction of red cells is equivalent 
with daily production of cells, but after a blood loss this no longer 
holds true. Since in our studies the rate of cell destruction could not 
be measured, the mean cell age could not be calculated either. How- 
ever, if the rate of production of cells (per cent) is put in the formula 
instead of the destruction rate, one gets a measure of how many days 
it would have taken to form the present cell population if assumed 
that the rate would have been constant during the necessary number 
of days. If there is a sudden and temporary increase of erythropoiesis, 
suc’ a measure is, of course, quite illusory. In lack of a better one, 
it is ne ertheless used as representative of “mean cell age”. 


Results. 


When the mean red cell procductior duri’ : a period preceding 
the blood lettings were calculated the valu ; in 8 ra’bits varied 
between 0.04—0.13 mill./mm*. In the p.: -bleeding per.od ‘he 
rate remains for some time slightly eieva*.d, bein after 2-3 
weeks 0.11—0.27 mill/mm* (Table I). Ex) essed as percentage 
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Table I. 
Mean daily production of red cells, and MRR before and after a period 
of bleedings. 


Rabbit | Days | Prehemorrhagic | MRR | Days | Posthemorrhagic | MRR 
pre- mean daily pro- | %/1 | after | meandaily pro- | %/1 


ced- duction of red hour last duction of red hour 

ing cells bleed- | cells 

bleed- ing* 

ings | mill. per mill. per 

E/mm* | cent E/mm* | cent 

239 2 0.13 2.1 41 
R. 2 0.07 1.8 51 18—35| 0.11 2.2 58.5 
Pa. 2 0.07 1.5 53 0O—14] 0.23 4.2 80 
II. 3 0.12 2.4 46 O0—18| 0.12 2.15 45.5 
0 4 0.09 1.8 63.5 | O—21} 0.14 2.8 73 
Ru. 12 0.08 2.1 52 0-25} 0.15 2.4 68 
J. 8 0.09 1.7 56 17—23] 0.16 2.5 64 
Pi. 8 0.04 0.75 47 16—22| 0.27 4.5 69 
Means 0.09 1.8 51.2 0.17 3.0 65.4 


* Period to which the average production rate relates. 


of the actual blood count the pre-bleeding daily production was 
on an average 1.8 per cent and the post-bleeding formation 3.0 
per cent, respectively. It may be noted that the pre-bleeding 
percentage obviously corresponds to the normal percentage of 
reticulocytes in rabbits. 

The rate of reduction of methemoglobin (MRR) is low, 51.2 
per cent/hour before bleeding and mostly elevated after the 
period of bleedings, 65.4 per cent/hour on an average. During the 
repeated bleedings the production of red cells increases to many 
times the resting value. In Fig. 1 the MRR is plotted against 
daily mean production of erythrocytes. As may be seen there is 
a rough correlation between the rate of methemoglobin reduction 
and that of erythropoiesis as long as the rate of red cell formation 


does not exceed 6 per cent of the actual erythrocyte count. With | 


higher rates there is no further increase in the MRR, some- 
times even a decrease to pre-bleeding level. The coefficient of 
correlation is highly significant r = + 0.43, P < 0.0027, but the 
correlation is fairly loose. If the percentage of reticulocytes is 
similarly compared the correlation with the MRR is even lower 
r being + 0.32 which corresponds to the probability level 0.02 < P 
< 0.05. Very striking is again the slow reduction rate when the 
percentage of reticulocytes is very high, > 13 per cent. 


Fig. 
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Fig. 1. Rate of methemoglobin reduction as function of red cell production. 


Ordinate: MRR per cent/1 hour. 
Abscissa: mean daily red cell production in per cent of actual red cell count. 


Since neither the rate of erythropoiesis nor the percentage of 
reticulocytes can explain variations in the MRR, a tentative 
hypothesis was put forth, according to which the MRR in a single 
cell is a function of cell age and the recorded MRR can be predicted, 
if the age structure of the red cell population and the age decay 
curve of MR in a single cell are known. The construction of the 
last mentioned curve was based on the following considerations. 
The MRR was supposed to reach its highest value, 100 per cent 
(probably too high an estimate) on the second day after the cell 
has entered the circulation and the reticulocyte stage is over. 
It is assumed that the decrese is thereafter logarithmic and the 
MRR becomes zero in 160 or 180 days, i. e. approximately three 
times the mean life span of rabbit erythrocytes (Fig. 2, curves 
a and b). If the rate of erythropoiesis is constant and the number 
of cells in every age group consequently equal, the mean rate may 
be calculated by integrating the curves a and b and dividing with 
the life span of red cells. It should then give the experimentally 
found MRR. Curves a and b show the calculated averages and 
give the values 52.5 and 56 per cent at a life span of 52 days, 
i.e, reasonably correct values. The main question is now how 
to characterize the age structure of the red cell population in 
the actual blood sample. Two procedures were tried. The first 
method, surely oversimplified, was to calculate the mean cell 
age by substituting red cell destruction rate with red cell produc- 
tion as described in the methods and take the MRR corresponding 
to this “mean cell age” from curve a in Fig. 2. The result appears 
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Fig. 2. Hypothetical curves indicating the decrease in MRR as a function of cell age. 


Curve a: MRR decreases in a single cell logarithmically from 100 per cent on 
second day to 0 in 160 days. 

: the same except that 0 is reached after 180 days. 

: mean MRR calculated by integration from curve a. 

: mean MRR calculated from curve b. 


in Fig. 3 (dotted line) which gives the calculated MRR as a fune- 
tion of time during bleeding experiments with 6 rabbits. A com- 
parison with the actually found MRR (heavy line) indicates a 
certain parallelism, but there are irregular deviations. They are 
most likely due partly to inaccuracies in the determinations of 
the rate of erythrocyte production, partly to the fundamental 
fault mentioned previously: the altered rate of erythropoiesis 
has been of short duration and the “mean cell age” based on it 
is therefore misleading. The correlation coefficient between calcu- 
lated and experimental values is, nevertheless, highly significant: 
r= + 0.62, t= 5.15, P < 0.001. 

The second method is as follows: In our experiments a MRR 
of 80—85 per cent/hour was the highest obtained. 82 per cent/hour 
corresponds in curve b, Fig. 2, a cell life of 18 days. It was now 
calculated on basis of the production data how big a percentage 
of the red cells were younger than 18 days (= y) and their con- 
tribution to the mean MRR calculated by multiplying y with 
82 per cent/hour. Since the mean MRR of cells aged 18—50 days 
is 41 per cent/hour (obtained by integration from curve b) the 
MRR would be 82y + (100 — y)41/100. In Fig. 3 the variations 
of MRR during bleeding experiments are compared with the pre- 
dicted values calculated according to this formula (continuous 
line, crosses). In spite of irregular discrepancies the general course 
of the calculated and the experimental values is the same. The 
correlation coefficient of calculated and experimentally found 
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Fig. 3. Calculated and found MRR in bleeding experiments with 5 rabbits. 
Heavy solid line: experimentally found rates. 


Dotted line and triangles: calculated values based on “mean cell age” and curve a. 


Solid line and crosses: calculated values based on percentage of red cells 
younger than 18 days and curve b. 


values is r = + 0.55, t = 6.26 which corresponds to a probability 
of occurrence by chance less than 0.001. 

If the inaccuracy of the calculations of the rate of production 
of red cells is taken into consideration and, of course, the fact 
that the determinations of MRR are not devoid of error either 
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the found correlation between predicted and found values suggests 
that the best explanation for variations in MRR in bleeding 
experiments is that the enzyme activity responsible for the MR 
in a single cell decreases logarithmically during the life of the 
erythrocyte. What is remarkable is that the end point (0 %) 
of the age decay curve cannot be placed at the mean life span 
of rabbit erythrocytes, 50—60 days. Obviously the cells dis- 
integrate before the enzyme activity has fallen to zero. Therefore, 
since the curve of decline of MRR covers the life span of dog and 
human red cells too, it may be asked whether the same curve 
can be used to predict the reduction rates of human and dog red 
cells. It must, however, be taken into consideration that the 
MRR in human and dog red cells is not of the same order of magni- 
tude as in rabbit red cells (Kizsz and Weis 1943) and probably 
never, not even in the 1 day old erythrocyte, reaches such a high 
rate as 100 per cent/hour. In bleeding experiments with dogs 
(JaLavisTo 1959) the maximum MRR found was 31 per cent/ 
hour. Accordingly e. g. 35 per cent may be made to represent the 
100 per cent value. If the MRR read from the curve at a life span 
of 120 days, is multiplied by 35/100 we get 11.4 per cent. This 
is exactly the normal value given e. g. by Cox and WENDEL (1942) 
for the rate of methemoglobin reduction in dog erythrocytes 
(11.3 per cent of total pigment reduced in 1 hour). In our experi- 
ments (JALAVISTO 1959) the MRR before bleeding was in three 
dogs 9.5 per cent/hour. The correspondence is thus as good as 
can be expected. 

Variations due to bleeding may now be calculated in the same 
manner as in rabbits on basis of the data obtained in the three 
dogs. For sake of simplicity the method based on the mean red 
cell production was chosen. The result of such calculations are 
shown in Table II. In the table are taken only values based on 
more than a week’s time interval between E” and E’. The cor- 
respondence between calculated and experimental values is quite 
good if curve a in Fig. 2 is used, curve b gives somewhat too 
high values. 

Human erythrocytes reduce likewise with approximately the 
same rate, the mean of five determinations so far made was 
12.3 per cent/1 hour, which can be predicted since the life span 
of human red cells is approximately the same as that of dog cells. 
The age decay curve seems therefore to have general validity. It 
is, furthermore, not restricted to the MRR. The decrease of 
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Table II. 


Comparison between calculated and found MRR of dog red cells, 
percentage of reticulocytes, and daily production of red cells. 


Dog | E” Mean daily production Reticulo- | MRR %/1 hour 
million j| of red cells cytes % 
E/mm? 
million % Number Cal- found 
E/mm? of days culated 
concerned 
F 6.25 0.102 1.6 7 0.3 16.5 15.5 
» 7.07 0.205 2.9 9 2.2 22 23 
M 6.10 0.153 2.5 14 0.3 20 19.5 
» 6.80 0.150 2.2 8 0.9 19 18 
V 6.02 0.054 0.9 78 0.8 11 17.5 
» 6.61 0.206 3.1 10 0.4 23 20 
’ 6.44 0.089 14 12 0.6 15 15 


cholinesterase activity in human red cells follows a similar course 
(AuLIson and Burn 1955). In this case too, the enzyme activity 
at 120 days is not zero. Obviously the cells disintegrate before 
the cholinesterase activity ceases. 


Discussion. 


That the MRR is in principle dependent upon cell age can hardly 
be doubted. However, it is quite obvious that when the erythro- 
cytosis is very strongly stimulated and the percentage of reticulo- 
cytes very high (> 13 per cent), the methemoglobin might not 
be reduced at such a high rate as predicted from the age decay 
curve. Two explanations have been proposed. First it was thought 
that the accumulation of pyruvic acid in reticulocytes (P1na 1958) 
would inhibit the reduction of methemoglobin in reticulocytes. 
However, since the reticulocyte stage is a very short episode 
in the life history of the red cell, it cannot explain the fact al- 
though the elevated concentration of pyruvic acid may last 
longer than the reticulum. The concentration of pyruvic acid is 
furthermore rather low and can aot in any case entirely suppress 
the increase in MRR (Jatavisto et al. 1959). A second and more 
probable explanation would be that during a very intense 
erythropoiesis defective cells with abnormally low enzyme activity 
are formed. Certain indications for the production of defective 
cells may be mentioned. Seno et al. (1953) have observed that 
during intense reticulocytosis part of the reticulocytes are “de- 
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generated” cells which do not ripen at all in in vitro incubation 
experiments. Praa has performed measurements of plasma oxida- 
tion reduction potential in bleeding anemia of rabbits, and con- 
siders the plasma potential as an indicator of the overall metabolic 
activity of the red cells. The correlation between plasma potential 
and reticulocytosis is evident as long as the percentage of reticulo- 
cytes does not exceed 12 per cent. With higher percentages the 
oxidation reduction potential does not further increase or may 
even decrease. This is interpreted as due to the existence of 
inactive or functionally defective reticulated cells. It is quite 
remarkable that the correlation between reticulocytes and plasma 
potential breaks down approximately at the same percentage 
of reticulocytes as that between reticulocytes and MRR. Linman 
and Lone (1958) have found that during bleeding anemia a 
humoral factor which stimulates erythropoiesis, gives rise to 
quite shortlived red cells. Likewise the form of the age decay 
curve of the specific radioactivity of C-labeled red cell globin 
differs clearly in normal and anemic (bled) rabbits suggesting 
the existence of a population of shortlived red cells in the bled 
rabbits (PrHa 1956). 

The réle of the methemoglobin reduction in red cells is usually 
interpreted as preventing the cell of decay which otherwise 
would follow the autoxidation of cell hemoglobin. Whether the 
life span of the erythrocyte is factually dependent upon the equi- 
librium between the rate of methemoglobin formation and its 
reduction has never been experimentally tested. If the decline 
in methemoglobin reduction takes the same course in rabbit, 
dog and human erythrocytes as seem to be the case, this hypo- 
thesis could be validated by comparing the rate of methemoglobin 
formation and reduction under various conditions in these three 
species with different life span of their erythrocytes. 


Summary. 


1. The dependence of the rate of reduction of methemoglobin 
(MRR) in nitrite treated red cells of cell age has been investigated. 
Starting from the assumption that the decrease of MRR with 
cell age proceeds logarithmically from 100 per cent at the second 
day to zero on the 160th or 180th day the mean MRR was calcu- 
lated for different cell ages from the integrated hypothetical 
curve. The mean daily production of red cells in rabbits and 
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dogs during normal conditions and when the erythropoiesis was 
stimulated through repeated bleedings was calculated with help 
of a formula proposed by Prana. The formula, however, gives 
only approximate values. 

2. The age characteristics of the red cell population were defined: 
1) by the “mean cell age’? = 100/daily production of red cells 
(per cent) and 2) by estimating the percentage of younger than 
18 days old cells on basis of the daily red cell production data. The 
mean MRR could then be predicted with help of the hypothet- 
ical curve. When the many inaccuracies involved in the estimates 
and primary data are taken into consideration the agreement of 
the predicted and found values is good, the correlation coefficients 
being: r,; = + 0.62, t= 5.15 P< 0.001 r, = + 0.55 t = 6.26 
P < 0.001. 

3. The same logarithmically decreasing age decay curve could 
be used for calculation of the MRR both in rabbits with a red 
cell life span of 50 days and in dog and human erythrocytes 
with an approximate life span of 120 days if the maximum reduc- 
tion rate is assumed to be 100 per cent/l hour in rabbit and 
35 per cent/1 hour in dog and human erythrocytes. 


Aided by a grant from Valtion luonnontieteellinen toimikunta (State Commission 
of Science). 


References. 


Atuison, A. C. and G. P. Burn, Enzyme activity as a function of age in the human 
erythrocyte. Brit. J. Haemat. 1955. 1. 291—303. 

Cox, W. W. and W. B. Wenpet, The normal rate of methaemoglobin reduction 
in dogs. J. biol. Chem. 1942. 143. 331. 

Dornuorst, A. C., Analytical review: the interpretation of red cell survival 
curves. Blood 1951. 6. 1284. 

Hunter, F. T., Quantitation of Mixtures of Hemoglobin Derivatives by Photo- 
electric Spectrophotometry. Springfield, Ill. 1951. pp. 226. 

Jatavisto, E., Bleeding anaemia and methaemoglobin reduction in dog erythro- 
cytes. Acta physiol. scand. 1959, 46. 252—256. 

Jatavisto, E., A. PrrkANnEN, A. SELONEN and L. SoLanTERA, The rate of methae- 
moglobin reduction in red cells of moderately bled rabbits. Acta physiol. scand. 
1959. 46. 257—272. 

Kresz, M. and B. Weis, Die Reduction des Himiglobins in den Erythrocyten 
verschiedener Tiere. Arch. exp. Path. Pharmak. 1943. 202. 494—501. 

Ktyzzr, W. and O. Scuneier, Zur Aktivitat der reduzierenden Fermentsysteme 
in den ry pel junger Siuglinge. Acta haemat. (Basel) 1953. 9. 346—353. 

Linman, J. W. and M. J. Lona, Erythrocyte osmotic fragility of rats receiving 
the thermostable plasma erythropoietic factor. Blood 1958. 13. 226—238. 

Pma, S., Studies on blood regeneration during progressive reticulocytosis due to 
repeated bleedings. Ann. Acad. Sci. Fenn. 1956. Ser A. II. 80 pp. 99. 

Pima, R. S., Behaviour of pyruvic acid in plasma and red cells in rabbits bled 
repeatedly. Acta physiol. scand. 1958. 44. Suppl. 151. pp. 43. 

Srno, S., K. Kawai and K. Nisuikawa, Maturation of reticulocytes and related 
phenomena. III. Maturation of reticulocytes in vitro; observation on anemic 


rabbits. Mie Med. J. 1953. 4. Suppl. 1. 19—34. 


Z 
obin 
ited. 
with 
ond 
ical 
and } 
‘ 


Acta physiol, scand. 1959. 46. 284—290, 


From the Department of Physiological Chemistry, University of Lund, and 


Lund, Sweden. bile : 
tion 
culat 
the | 
MAN 
in tl 
these 
mato 

Bile Acids in Rat Portal Blood. days 
choli 

Bile Acids and Steroids 77. 

By 

THOMAS OLIVECRONA and JAN SJOVALL. WI 
Received 2 February 1959. ra 
100 > 
FH 5 
Th 
Abstract. admi 
ture 
Oxtvecrona, T, and J. Ssévaxt. Bile acids in rat portal possil 
blood. Acta physiol. scand. 1959. 46. 284—290. — Tritium- of bl 
labelled cholic acid was given to four rats and radioactive conta 
bile acids in the portal blood were analyzed with reversed Th 
phase partition chromatography after two days. One tenth 96 % 
to two tenths per cent of the radioactivity mixed with the After 
bile acid pool was présent in one ml of portal blood. About ethar 
15 per cent of the radioactive portal bile acids were un- & cou 
conjugated, approximately 50 per cent of which was deoxy- choli 
cholic acid as judged by its chromatographic behaviour. Th 
These figures have been used for rough calculations of the ex- j Smal 
tent of enterohepatic circulation and cecal absorption of separ 
cholic acid and its metabolites, and for the estimation of feces 
the daily conversion of cholic acid into deoxycholic acid by i Th 
intestinal microorganisms. infini 
count 
Previous studies of the portal bile acids have been limited to Peg 
the determination of cholic acid and it has been shown that less toa 
than one per cent of the bile acids absorbed from the intestine are as 1 
transported in the lymph (JosEPHson and Rypin 1936, Ss6vALL 
1 Present address: Statens Rattskemiska Laboratorium, Stockholm 60. hydr 
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and Axxsson 1955). Recently, it has been observed that some 
bile acids normally found in the bile are formed through the ac- 
tion of intestinal microorganisms during the enterohepatic cir- 
culation of the bile acids, primarly formed from cholesterol in 
the liver (LinpstEDT and 1957, Linpstepr 1957, Nor- 
MAN and SJ6vaALL 1958). In the rat, such acids are formed mainly 
in the cecum from which they can be absorbed (NoRMAN and 
SsévaLL 1958). In order to estimate the extent of absorption of 
these bacterial metabolites in the intact rat, we have made chro- 
matographic analyses of the bile acids in rat portal blood two 
days after the intraperitoneal administration of tritium labelled 
cholic acid. The results are reported in this paper. 


Experimental. 


White rats of the institute stock weighing about 200 g were used. 
They were injected intraperitoneally with approximately 1 mg of tritium 
labelled cholic acid (BercstRém and LinpstepT 1957) giving about 
100 x 10° cpm. when counted in a flow-counter (Frieseke-Hoepfner 
FH 51). This acid was kindly supplied by Dr. Lindstedt. 

The rats were given white bread and water, and two days after the 
administration of the labelled acid portal blood was collected by punc- 
ture of the portal vein with a plastic cannula as near to the liver as 
possible. The animal was kept in a light ether anesthesia. Four to 5 ml 
of blood were obtained and allowed to drain directly into a test tube 
containing heparin. ‘ 

The heparinized blood was then added drop by drop to 100 ml of 
96% ethanol and heated on the water bath for about half an hour. 
After cooling, the extract was filtered and the precipitate washed with 
ethanol. The ethanol was evaporated in vacuo. This procedure produced 
a complete recovery of labelled deoxycholic, glycocholic and taurodeoxy- 
cholic acids added to blood. 

The intestine was taken out after collection of the portal blood. 
Small and large intestines were cut into small pieces and extracted 
separately by refluxing three times with 80° ethanol. Similarly, the 
feces were extracted with 80% ethanol. 

The radioactivity of the extracts was determined by counting in an 
infinitely thin layer (10 wg per cm*) on aluminium planchets; a flow- 
counter (Frieseke-Hoepfner FH 51) was used. 

The ethanol extract of the portal blood was extracted with butanol 
from an acidified water solution (NoRMAN 1954). It was then subjected 
to a reversed phase chromatography with 55° (v/v) methanol/water 
as moving phase and 10% (v/v) heptane/chloroform as stationary 
phase, supported on 4.5 g hydrophobic kiselguhr (phase system F 1). 
In this way free deoxycholic acid (appearing at 50 ml effluent) and more 
hydrophobic bile acids are separated from free cholic acid and more 
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Table I. 
Rat Cpm. re- Activity | Per cent of activity in portal blood 
covered in per ml appearing in the chromatograms at the 
portal portal places corresponding to: 
blood, liver | blood per —— 
and intes- cent of Conju- Free bile acids More 
tines total gated bile polar than 
acids Deoxy- Cholic cholic 
cholic 
i 54.5 x 10° 0.20 86 5 1 8 
P3..} 61.5 x 10° 0.19 90 5 1 4 
ie 45.2 x 10° 0.13 73 16 8 8 


polar bile acids including conjugated acids which appear with the front. 
The front band from this chromatography was then run on a column 
where 48 % (v/v) methanol/water was used as moving phase and 50% 
(v/v) isooctanol/chloroform as stationary phase (phase system C 2). 
In this chromatography the taurine conjugated bile acids came with the 
front, free cholic acid at about 120 ml effluent and free acids more 
polar than cholic acid between these two bands. 

The radioactivity of all the fractions collected from the column 
was determined and the proportions between the different bile acids 
were calculated from the total radioactivity in the different bands. 


Results. 


The distribution of radioactivity in the intestinal tract was the 
same as that which was reported earlier (NoRMAN and SJ6vaLL 
1958), 2. e. about 70 % in the small intestine and 30 % in the large 
intestine. The activity in the liver was not determined but could 
not have amounted to more than a few per cent of the total 
activity (NorMAN and SJ6vaLL 1958). The portal blood contained 
0.90, 0.80 and 0.53% of the total radioactivity in three rats 
studied, giving 0.20, 0.19 and 0.13 % respectively per ml blood 
(Table I). The radioactive material from the blood was separated 
with reversed phase chromatography. Radioactive bands were 
found at the places corresponding to conjugated bile acids as 
present in the small intestine and at the places corresponding to 
the main cholic acid metabolites known to be formed in the cecum 
(NorMAN and Ss6vaut 1958). Fig. 1 shows the chromatograms 
obtained with the material from rat P 2. The chromatography 
with phase system F 1 gave a band of activity with the front and 
another band at the place of free deoxycholic acid (Fig. 1 left curve). 
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20} : 200}! 
e 
150} 150} 
re i 
NA 
4 
front. 0 50 100 150 0 50 100 150 200 
olumn mi effluent 
| 50% Fig. 1. Chromatograms of the extract of portal blood from rat P 2. 
C2). 


ith the Left curve: Chromatography with phase system F 1. 


Right curve: Rechromatography with phase system C 2 of the front 


} More band of the chromatography with phase system F 1. 


olumn 
acids 
nds. Rechromatography with phase system C 2 of the front band (Fig. 
1, right curve) showed active peaks at the places corresponding 
to conjugated bile acids (front band), unconjugated 7-keto- 
deoxycholic and/or 3 a, 7 B, 12 a-trihydroxycholanic acids (more 
as the | Polar than cholic acid) and free cholic acid. Essentially the same 
results were obtained with the other rats and the relative pro- 


OVALL 
large portions of radioactivity in the various bands are summarized 
could | ™ Table I. Since it is known that the above mentioned free bile 


total | 2cids, with the possible exception of 3a, 7 8, 12 a-trihydroxy- 
ained | ‘holanic acid, are formed from conjugated cholic acid in the cecum 
. rats | and can be found reconjugated in the bile (NoRMAN and SJ6vaLL 
blood | 2958), only rechromatographies with the appropriate unlabelled 
rated | ‘ference compounds were made for further identification. The 
“deoxycholic acid band” appeared together with deoxycholic acid 


Pie: and the “cholic acid band” together with cholic acid, preceded by 
ing to acids more polar than cholic acid. Fig. 2 shows chromatograms 
ecun | % aliquots of the combined free bile acid bands from the different 
srams | ts. Except for the minor peak of radioactivity after cholic acid 
raphy (Fig. 2, right curve) that cannot be explained, the peaks agree 


tand | Well with the peaks obtained using extracts of cecal contents 


urve). | (Norman and 1958). 
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Fig. 2. Left curve: Chromatography wit. phase system F 1 of an aliquot of the 
combined “deoxycholic acid bands” together with unlabelled deoxycholic acid, 


Right curve: Chromatography with phase system C 2 of an aliquot 
of the combined “cholic acid and more polar than 
cholic acid bands” together with unlabelled cholic acid. 


Solid lines: Titration. 
Broken lines: Radioactivity. 


There were large variations between the rats, but approximately 
15 % of the radioactivity was found in the bands corresponding tw 
free bile acids and half of this amount in the deoxycholic acid 
band (Table I). Chromatographic analysis of the conjugated bile 
acids, after hydrolysis, yielded chromatograms similar to those 
obtained with hydrolyzed small intestinal contents. 


Discussion. 


Although the number of animals used was small, ce rtain approxi- 
mate estimations of the enterohepatic circulation of choli' acid 
may be made from the data obtained. The cholic acid pool in a 
rat of the size used in this werk (200 g) has Lee. found to be 
about 12 mg (Eriksson 1957). This pool is present mainly in 
the intestine, and when labelled cholic acid is injected intra- 
peritoneally, it is rapidly mixed with the pool (Norman and 
Ss6vaLu 1958). If the radioactivity in the intestine is taken to 
represent the bile acid pool, a mean of 0.17 % of the pool is present 
in one ml of portal blood in the rats examined. This would mean 
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a concentration of about 2 mg per 100 ml of portal blood if the 
pool is assumed to be 12 mg. The portal blood flow. in a 200 g 
rat is probably about 5 ml per minute (SPECTOR 1956), 2. e. about 
7,200 ml per 24 hours, therefore the amount of cholic acid being 
transported to the liver would be 144 mg in 24 hours. This would 
give the approximate figure of twelve enterohepatic circul.tions 
of the cholic acid pool in 24 hours. It must be remembered that 
tne rat has no gall-bladder. 

All the radioactivity is not present as cholic acid, however. 
Some of the acid injected has been transformed into bacterial 
metabolites. After two days, the specific activity of these meta- 
bolites is probably similar to that of cholic acid and the pool of 
metabolites is relatively smal! compared with the cholic acid pool. 
Therefore the presence of metabolites will not affect the approxi- 
mate estimations to any great extznt. 

BerGstrOM and DanrELsson (1958) have found that the forma- 
tion of bile acids in the liver is egulated by the amount of bile 
acids supplied to the liver via the portal blood. About 5 mg of 
bile acids per hour had to be supplied to the liver of bile fistula 
rats to keep the bile acid synth sis on the level found in intact 
animals. This would ind*cate a daily transport of about 120 mg 
of bile acids in the portal blood, a figure that agrees well with 
our calculations. 

Approximately 15 per cent of the bile acids in the portal blood 
are unconjugated. Most likely these free bile acids have been ab- 
sorbed from the cecum, where almost all bile acids are unconjugated 
in cou..rast vo those present in the small intestine (NoRMAN and 
SsévatL 1958). Thus, about 20 mg of the bile acids transported 
to cheliver in 24 hours have probably come from the cecum, 
which would mean that the cholic acid pool (snd cholic acid 
metabolites) passes the cecum about twice in 24 hours during the 
enterohepatic circulation. 

Deoxycholic acid formed from cholic acid by intestinal micro- 
organisms (NoRMAN and SJévaLL, 1958) comprises about half 
the amount of the free bile acids. Approximately 10 mg of deoxy- 
cholic acid therefore is transported to the liver in 24 hours and 
the major part is again transformed into cholic acid in the liver 
RoOTTENBERG and SJévaLL, 1953). Under such 
circumstances, about 80 per cent of the cholic acid pool would 
be converted to deoxycholic acid and reconverted to cholic acid 
during 24 hours of enterohepatic circulation. This figure agrees 
19— 593285. Acta physiol. scand. Vol. 46. 
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with the investigation by Linpstept and SaMUELSsON (1958) 
who arrived at a similar figure measuring the decrease of 
tritium/C“ ratio after injection of cholic acid-7 B T-24-O0", whic 
lost the tritium when converted to deoxycholic acid and back 
cholic acid. 4 

Although the figures discussed above must be regarded as ver 
proximal, they will at least give a rough quantitative picture @ 
the enterohepatic circulation of cholic acid, the importance @ 
absorption from the cecum, and the interaction between the integ 
tinal flora and the liver in the metabolism of cholic acid to deo 
cholic acid and back to cholic acid. 
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